Introduction {#sec1}
============

*Pseudomonas aeruginosa* is an opportunistic Gram-negative bacterium with high clinical importance and classified as a critical priority 1 pathogen by the WHO in 2017.^[@ref1]−[@ref4]^ Especially for cystic fibrosis (CF) patients, chronic infections result in recurrent pneumonia, sepsis, and lung damage.^[@ref5]^ Challenges in treating *P. aeruginosa* infections result from its intrinsic antimicrobial resistance and acquired resistances that often lead to multidrug-resistant MDR or XDR strains.^[@ref6]^ In addition, the bacterium's antimicrobial tolerance is further enhanced by the self-formation of biofilms, a protective enclosure against host immune defense and antibiotic treatment.^[@ref7],[@ref8]^ Because bacteria residing in a biofilm are up to 1000-fold more resistant toward antibiotics,^[@ref7]^ targeting biofilm formation has been an emerging therapeutic approach in recent years to overcome the resistance problem (reviewed in refs ([@ref9]−[@ref11])).

The two virulence factors LecA^[@ref12]^ and LecB^[@ref13]^ (initially called PA-IL and PA-IIL^[@ref14]^) are regulated by quorum sensing^[@ref15]^ and have decisive roles in biofilm formation. It is currently anticipated that both tetravalent carbohydrate-binding proteins cross-link glycoconjugates on host cells or tissue with bacterial lipopolysaccharide and exopolysaccharides to stabilize the matrix and integrity of the biofilm.^[@ref9],[@ref16]^ Thus, blocking this process with exogenous compounds could prevent the formation or even destroy established biofilms.

Both carbohydrate-binding proteins, so-called lectins, were first isolated from the clinical isolate *P. aeruginosa* PAO1 by Gilboa-Garber et al.^[@ref14],[@ref17],[@ref18]^ One hurdle for therapeutic intervention is the fact that *P. aeruginosa* has a high genomic diversity among different isolates.^[@ref19]−[@ref21]^ The protein sequence of LecA is rather conserved among *P. aeruginosa* strains but for LecB isolates are grouped into either PAO1- or PA14-like LecB protein sequence families.^[@ref22],[@ref23]^ Despite these sequence variations in the two LecB variants, they surprisingly have a conserved binding specificity for similar glycoconjugates, which paves the way for the simultaneous targeting of a broad range of clinical isolates with one single compound. In its quarternary structure, LecB forms noncovalent homotetramers where two Ca^2+^-ions are present in each monomer,^[@ref23],[@ref24]^ mediating the recognition of its carbohydrate ligands, [l]{.smallcaps}-fucose and [d]{.smallcaps}-mannose (e.g., methyl α-[d]{.smallcaps}-mannoside (**1**), [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Because LecB is localized extracellularly,^[@ref13]^ the Gram-negative bacterial cell envelope which usually imposes a stringent hurdle for many antibiotics with intracellular targets, is not problematic for targeting LecB.

![Design approach for *C*-glycosidic LecB inhibitors and extension of the structural space for extended SAR studies of compounds **4**--**37**. Derivatives of methyl α-[d]{.smallcaps}-mannoside **1**--**3** and their inhibitory potency for the binding with LecB~PAO1~.^[@ref36]^*C*-Glycosides simultaneously derived of [d]{.smallcaps}-mannosides and [l]{.smallcaps}-fucosides are hybrid-type LecB ligands **4** and **5** and **6** and **7**.^[@ref41]^](jm9b01120_0001){#fig1}

Besides its role in biofilm formation and bacterial adhesion, LecB was also shown to carbohydrate-dependently block human ciliary beating,^[@ref25]^ interfere with tissue repair processes^[@ref26]^ and, recently, activate B-cells.^[@ref27]^ Furthermore, a direct involvement of LecA and LecB in infection and host colonization by *P. aeruginosa* using a murine infection model revealed the suitability of both lectins as therapeutic targets.^[@ref28],[@ref29]^ Inhalation of an aerosol of fucose and galactose, the ligands of LecB and LecA, resulted in a reduction of bacterial load in human infected airways^[@ref30],[@ref31]^ and in mice.^[@ref32]^

Because fucosides display higher affinities for LecB than mannosides, inhibitor development generally centered around fucose-based inhibitors presented on a multivalent scaffold to further increase affinity/avidity.^[@ref33],[@ref34]^ Following this strategy, multivalent glycopeptide dendrimers have been developed which efficiently inhibit the formation and disperse established biofilms of *P. aeruginosa*.^[@ref35]^ Another example of multivalent fucosides on a calixarene scaffold showed very potent nanomolar affinities for LecB but surprisingly required millimolar concentrations (5 mM) for biofilm inhibition and, in contrast to the desired properties, the compound induced bacterial aggregation.^[@ref28]^ Therefore, multivalent presentation of carbohydrates could mimic bacterial exopolysaccharides and, thus, stabilize the biofilm rather than inducing its desired disintegration. In addition, these multivalent presentations of native carbohydrates may be immunogenic and interfere with the patient's immune system, e.g., by binding to the various innate immunity pattern recognition receptors.

To overcome these disadvantages intrinsic to multivalently displayed lectin ligands, we have embarked on the development of monovalent glycomimetic small molecules as competitive inhibitors of LecB.^[@ref36]−[@ref41]^ Our small molecules possess drug-like properties that resulted in oral bioavailability of the two tested *C*-glycosides with systemic distribution, which is impossible for the high molecular weight multivalent compounds.

We have started with the weak LecB ligand methyl α-[d]{.smallcaps}-mannoside (**1**) and transformed it into C-6 modified amide and sulfonamide derivatives that led to an increase in potency up to a factor of 20 (e.g., **2** and **3**, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref36],[@ref38]^ These compounds showed good receptor binding kinetics and proved efficient in the prevention of bacterial adhesion. Because fucose and mannose are recognized by LecB, we merged the necessary functional groups that were shown to elicit attractive interactions with the protein into one molecule and obtained the first of our *C*-glycosides lacking the *O*-glycosidic linkage.^[@ref37]^ After the exploration of additional interactions of heptose-^[@ref39]^ or- fluoroglycomimetics^[@ref40]^ with LecB, we then combined the initial *C*-glycosides with the amido- and sulfonamido substituents to obtain the glycomimetics **4**--**7**.^[@ref41]^ Especially the sulfonamides **6** and **7** displayed favorable profiles in target binding potency and selectivity, ADME/Tox parameters and oral bioavailability in a murine pharmacokinetics model. Importantly, **6** and **7** possessed excellent antibiofilm activity in a *P. aeruginosa* biofilm formation assay as monitored by confocal fluorescence light microscopy.

Here, we have significantly increased the number of derivatives of the *C*-glycoside ligands of LecB to 30 new derivatives yielding a detailed structure--activity relationship for this class of drug-like antibiofilm compounds. We have determined key interactions of the new more potent derivatives from crystallographic analyses, deduced the structural basis of the increased binding potency for the PA14 variant of LecB, and addressed a new binding pocket on the protein surface. The *C*-glycosidic dimethylthiophene sulfonamide **22** was identified as front runner with good potency in a biofilm assay and excellent ADME/Tox properties.

Results and Discussion {#sec2}
======================

Design {#sec2.1}
------

*C*-Glycosides of the amide series, e.g., **4** and **5**, and the sulfonamide series, e.g., **6** and **7**, have previously been reported by us as potent glycomimetic inhibitors of LecB ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref41]^ To expand the structure--activity relationship of these potent compound classes, we aimed to further diversify the amide and sulfonamide substituents and explore their interaction with LecB.

In the amide series, the cinnamide and dimethoxycinnamide derivative of a mannoside and its *C*-glycoside analogue are better binders than benzamides or aliphatic amides.^[@ref36],[@ref38],[@ref41]^ We therefore aimed at analyzing a potential rigidification of the cinnamide by ring closure between the *ortho*-position of the phenyl group and the α-carbon by introducing heteroatom linkers in benzothiophene-, benzofuran-, and indole-2-carboxamides (**9**--**11**). These substitutions affect rigidity, hydrogen-bond donating or accepting properties, and total polar surface area of the resulting molecules while maintaining the original cinnamide pharmacophore. Furthermore, we substituted the double bond in the cinnamoyl group with 5-membered heterocycles, i.e., a thiazole and a thiophene (**12**, **13**).

To address the very potent sulfonamide series of *C*-glycosides and expand the highly orally bioavailable thiophenyl derivative **7**, we included a number of different 5-membered heterocycles (**14**--**28**), e.g., furan, oxazole, pyrazoles, and the regioisomer of the original thiophene. In addition, various substituents were attached to those heterocycles, and the focus was set to methyl groups that showed good potency increase in the previous mannose-series (IC~50~s for LecB~PA14~: phenylsulfonamide 16 μM → trimethylphenylsulfonamide 1 μM, see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, compounds **47** and **3**).^[@ref36]^

![Competitive binding assay of inhibitors with LecB~PAO1~ and LecB~PA14~ based on fluorescence polarization. Means and standard deviations were determined from a minimum of three independent experiments. n.s.: not soluble at 1 mM in TBS/Ca containing 1% DMSO. IC~50~ values for **1**--**7**, **38**, and **41**--**46** with LecB~PAO1~ and LecB~PA14~ were previously published.^[@ref23],[@ref36]−[@ref38],[@ref41]^](jm9b01120_0002){#fig2}

Inspection of the crystal structure^[@ref41]^ of the complex of **7** with LecB indicated a possible second shallow cleft between the two loops formed by residues Val69--Asp75 and Glu95--Ala105 within reach of the thiophene (Supporting Information, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.9b01120/suppl_file/jm9b01120_si_001.pdf)). Therefore, we designed short spacers of directly attached to the thiophene moiety in position 5 with the aim to tether additional substituents targeting this cleft (**29**--**37**).

Synthesis of *C*-Glycoside LecB Inhibitors {#sec2.2}
------------------------------------------

For the synthesis of the β-*C*-glycosides **8**--**28**, we obtained the precursor **39** from [l]{.smallcaps}-fucose (**38**) by Henry addition of nitromethane with in situ ring closure to the β-anomer followed by a reduction to yield amine **40** ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref37],[@ref41],[@ref42]^ Then, diversification to give amide or sulfonamide substituted LecB antagonists was generated by coupling with different electrophiles ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The final coupling step yielded amides **8**--**13** and sulfonamides **14**--**28** in moderate to good yields (17--76%, over 2 steps).

![Synthesis of the Amides **8**--**13** and Sulfonamides **14**--**38**\
Reagents and conditions: (a) MeNO~2~, DBU, molecular sieves 3 Å, 1,4-dioxane, 50 °C, 3 d; (b)Pt/C, H~2~, HCl, MeOH, rt, 2 d; (c) acyl/sulfonyl chloride or carboxylic acid/EDC·HCl, Et~3~N, DMF, 0 °C; (d) CuI, Pd(PPh~3~)~2~Cl~2~, RCCH, Et~3~N, DMF, 50 °C, 16--42 h; (e) 1 atm H~2~, Lindlar's catalyst, quinoline, rt, 46 h. Yields for **8**--**28** are given over two steps from the nitro derivative **39**.](jm9b01120_0010){#sch1}

To probe the potential additional binding pocket on LecB (see Supporting Information, [Figure S1](#notes1){ref-type="notes"}), the bromothiophene **28** was further transformed in palladium-catalyzed Sonogashira cross coupling reactions to the substituted alkyne derivatives **29**--**36** in acceptable yields of 24--74% for these protecting-group free syntheses. *Z*-Styryl **37** was obtained from the Sonogashira product **29** following hydrogenation with a Lindlar catalyst in 59% yield.

Inhibition of LecB Carbohydrate Binding Function {#sec2.3}
------------------------------------------------

All synthesized structures were then analyzed for their capacity to inhibit both representative lectin variants of the two clinically relevant bacterial strain clades, LecB~PAO1~ and LecB~PA14~, using established competitive binding assays^[@ref23],[@ref36]^ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

Previously, the impact of modifications at the cinnamide substituent in **2** was found negligible and a dimethoxy substitution (**43**, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) only marginally increased potency.^[@ref38]^ Because rigidification and extension of the cinnamide to a naphthalene carboxamide was also tolerated by the protein for the mannose-series,^[@ref38]^ we tested new derivatives of *C*-glycosidic cinnamide **4**: benzothiophene (**9**), benzofuran (**10**), and indole (**11**). Despite the introduction of isosteric changes in polarity and hydrogen bonding properties, **9**--**11** showed similar or slightly decreased activities in this series with benzothiophene **9** as the best inhibitor of both LecB variants (IC~50~ 4.28 and 2.34 μM, for LecB~PAO1~ and LecB~PA14,~ respectively). A reduction in affinity which was especially pronounced for the PAO1-type lectin was also observed for carboxamide-linked thiazole **12**. The corresponding thiophene derivative **13** was insoluble under the assay conditions.

In analogy to the mannose-series, *C*-glycosidic sulfonamide derivatives **6** and **7** showed superior affinities over the amide-group (**4**, **5**). While a relatively extended SAR was described for the cinnamides in the mannose series,^[@ref38]^ the previously synthesized mannose-derived sulfonamides^[@ref36]^ occupy a narrow structural diversity: substitution of the phenyl moiety in **46** with methyl groups (→**3**) leads to increased affinities and isosteric replacement of the phenyl substituent by thiophene (**46** → **45**) improved potency toward LecB.

To extend the SAR of this potent LecB inhibitor class, we tested a set of *C*-glycosidic 5-membered heteroatom-substituted sulfonamides with additional substituents varying in constitution and heteroatom position (**14**--**28**). Despite the rather high structural diversity of the sulfonamide substituents, all tested compounds potently inhibited both LecB variants in the low micro- to nanomolar range (IC~50~\[LecB~PAO1~\] 1.32--7.01 μM; IC~50~\[LecB~PA14~\] 0.20--1.04 μM). While not affected by constitutional change of the heteroatom position (**7** → **21**, or **19** → **20**), the affinity dropped slightly if the ring sulfur was substituted by oxygen in furan derivatives (**7** → **14** or **22** → **15**) or nitrogen in pyrazoles (**18**--**20**).

Enlargement of the aromatic core by addition of alkyl groups or halogen substituents in **7** generally had a beneficial impact on binding especially in the thiophene series with low micro- to nanomolar activities of **22**--**25** for both LecB variants. Dimethyl **22** and monomethyl **25** (IC~50~\[LecB~PAO1~\] 1.32--1.87 μM; IC~50~\[LecB~PA14~\] 0.20--0.33 μM) were the best ligands among these thiophenes, both presenting a methyl group in *ortho*-position to the sulfonamide linker. A similar phenomenon was observed for the pyrazoles, where the best compound **18** (IC~50~\[LecB~PAO1~\] 2.42 μM; IC~50~\[LecB~PA14~\] 0.68 μM) also had such an *ortho*-methyl substituent compared to the less active derivatives **19** and **20** (IC~50~\[LecB~PAO1~\] 5.88--7.01 μM; IC~50~\[LecB~PA14~\] 0.73--0.96 μM), whose methyl groups were in different positions.

Extension of the initial and unsubstituted thiophene **7** to address the second cleft on LecB yielded the set of 10 alkyne and alkene derivatives **29**--**37**. Again, all compounds showed potent inhibition of both lectin variants in the submicromolar range for the PA14-type and a 1--3 μM affinity range for the PAO1-type. Phenylacetylene derivative **29** stands out as most potent inhibitor of both LecB variants (IC~50~\[LecB~PAO1~\] 1.52 μM; IC~50~\[LecB~PA14~\] 0.14 μM). Further modifications of **29** were tolerated by both proteins although with a moderate reduction in affinity of up to 2-fold: replacement of the phenyl with other groups (**34**, **35**) or elongated spacing (**36**) was possible. The position of a methyl substituent at the phenyl group in *ortho*-, *meta*-, or *para*-position (**30**--**32**) did not have an influence on activity, and transformation of the acetylene into *Z*-alkene **37** was also not altering potency dramatically.

The thermodynamics of binding of the potent 2,5-dimethyl thiophene derivative **22** to both LecB variants was then further studied by isothermal titration calorimetry ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, Supporting Information, [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.9b01120/suppl_file/jm9b01120_si_001.pdf)). The ligand showed a 1 ligand to 1 LecB monomer binding stoichiometry and affinities for LecB in the low micro- to nanomolar range, *K*~d~ = 1.2 μM for PAO1 and *K*~d~ = 0.32 μM for PA14, and thus confirmed the obtained IC~50~ data. As observed for **7**,^[@ref41]^ also this thiophene-containing ligand **22** showed an enhanced enthalpy driven binding (Δ*H* −47.3 to −40.4 kJ/mol) compared to the carbocyclic derivatives **4** and **6**, which was partially compensated by disfavored entropic contributions (−*T*Δ*S* 13.5--3.3 kJ/mol).

![Isothermal titration microcalorimetry of LecB~PAO1~ and LecB~PA14~ with dimethylthiophene **22**. Means and standard deviations were determined from a minimum of three independent titrations. One representative titration graph is depicted for LecB~PAO1~ only.](jm9b01120_0003){#fig3}

Structure of LecB in Complex with Dimethylthiophene **22** {#sec2.4}
----------------------------------------------------------

To analyze the impact of the methyl substituents in this inhibitor class, we performed crystallization of dimethylthiophene **22** in complex with LecB~PA14~ using hanging drop cocrystallization. The complex of the lectin crystallized in the P61 space group with four protomers per asymmetric unit. The resulting structure was solved to 1.45 Å resolution, and all carbohydrate-binding sites were occupied with compound **22** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, Supporting Information, [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.9b01120/suppl_file/jm9b01120_si_001.pdf)).

![Crystal structure of LecB~PA14~ with *C*-glycoside ligand **22** (1.45 Å resolution, PDB 5MAZ), (A) Observed binding pose of **22** with crystal contacts. (B) Observed binding pose of **22** without crystal contacts. (C) Superposition of both observed binding poses. (D) Relevant binding pose of **22** with 2*F*~obs~ -- *F*~calc~ electron density displayed at 1σ. Ligands and amino acids of the carbohydrate recognition domain (CRD) are depicted as sticks colored by elements (C, gray; N, blue; O, red; S, yellow); protein surface in transparent blue and two Ca^2+^-ions in the binding sites are shown as green spheres.](jm9b01120_0004){#fig4}

In previous structures of LecB with sulfonamide ligands, we have observed two different rotamers for the sulfonamides resulting in two types of interaction: a specific interaction^[@ref41]^ with the protein as described for **6** or **7** with the cleft enclosed between the two loops Val69--Asp75 and Asp96--Asp104 and a likely unspecific interaction^[@ref36]^ induced by crystal contacts for the mannose-derivative **3**. Interestingly, in the structure of LecB with dimethylthiophene derivative **22**, both binding poses can be observed ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B,C). In this respect, one binding mode of **22** resembles the structure of LecB with thiophene **7** in a way that the thiophene residue is oriented between the same loops of the protein without disturbing crystal contacts ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B, D). This supports the previous argumentation for the relevance of this binding mode compared to the second observed pose of **22**, which is similar to the reported structure^[@ref36]^ of the mannose analogue **3** where crystal packing interactions likely favored the altered orientation of the sulfonamide substituent ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A).

Furthermore, the crystal structure of **7** in complex with LecB~PA14~ shows a tight coordination of the thiophene moiety to the CH~2~ group of Ser97 ([S]{.ul}-[C]{.ul}H~2~ distance 4.3 Å, or the calculated [S]{.ul}-C[H]{.ul}~2~ distance 3.3 Å, sum of H and S van der Waals radii is 3.05 Å). This Ser97 is part of the loop Asp96--Asp104 adjacent to the carbohydrate-binding site. A highly similar interaction is seen in the complex of **22** and LecB~PA14~ ([S]{.ul}-[C]{.ul}H~2~ distance 3.9 Å, or the calculated [S]{.ul}-C[H]{.ul}~2~ distance 3.2 Å, sum of H and S van der Waals radii is 3.05 Å). The methyl group of **22** in *ortho*-position to the sulfonamide linker enters deeply into this still rather shallow pocket and establishes numerous lipophilic contacts with Gly24, Val69, and the CH~2~ of Asp96. This extensive interaction pattern serves as an explanation for the beneficial effect on the binding affinity of the *ortho*-methyl group.

Coordination of the carbohydrate-derived ligands by LecB~PAO1~ and LecB~PA14~ is largely similar.^[@ref23]^ Subtle differences are introduced by the sequence variations between those two type strains and result in the observed difference in activity of the LecB variants. Sulfonamides are generally recognized very well, and the PA14 variant of LecB has a very high affinity for the sulfonamides, 3--10-fold higher than the PAO1 variant. Interestingly, in the cinnamide series of the carboxamides, these differences are vanished and sometimes selectivity is even inverted to the benefit of LecB~PAO1~ (e.g., 20 vs 37 μM for **43** and 2.34 vs 2.8 μM for **5**, respectively). An explanation for this observation results from the presence of Ser97 in LecB~PA14~ that introduces further steric bulk compared to Gly97 in its PAO1 relative.

The LecB structures reveal this Gly to Ser variation for LecB~PA14~ at position 97 pointing into the ligand binding site ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). In case of LecB~PAO1~, this serine is absent and a glycine moiety occupies its position. The position of the entire loop incorporating either serine or glycine is not affected by this substitution. Now, the complex of LecB~PAO1~ with the cinnamide of the mannose series (**2**, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B) shows a tight lipophilic interaction of the cinnamide moiety with the CH~2~ group of glycine.^[@ref38]^ Furthermore, the cinnamide residue is additionally conformationally fixed through a hydrogen bond of the cinnamide NH with the side chain of Asp96.

![(A) Crystal structure of the complex of LecB~PA14~ with dimethylthiophene **22** (PDB 5MAZ) reveals the hydrophobic interaction of the *ortho*-methyl group attached to the thiophene residue with a hydrophobic patch on the protein surface. Furthermore, the thiophene interacts with the side chain CH~2~ of Ser97. (B) Crystal structure of the complex of LecB~PAO1~ with *manno*-cinnamide **2** (PDB 5A3O) reveals the hydrophobic interaction of the cinnamoyl group with a hydrophobic patch formed by the loop carrying Gly97 that lacks the serine side chain present in LecB~PA14~. (C) superposition of the two structures indicating the steric clash between carboxamide substituents, conformationally fixed through a hydrogen bond of their NH group with the carboxylate of Asp96, and the bulk of the side chain of Ser97 in LecB~PA14~. This serves as an explanation for the increased selectivity of the amides for LecB~PAO1~, which contrasts the selectivity of the sulfonamides for LecB~PA14~. Electron density 2*F*~obs~ -- *F*~calc~ is displayed at 1σ. Ligands are depicted as sticks colored by elements (C, gray; N, blue; O, red; S, yellow); protein surface in blue and two Ca^2+^-ions in the binding sites are shown as green spheres.](jm9b01120_0005){#fig5}

Because the carboxamides are conformationally fixed in their orientation through this hydrogen bond of the amide-NH with Asp96, they would experience a steric repulsion from this Ser97 in the PA14 variant of LecB and therefore possess the observed less pronounced affinity increase compared to the sulfonamides with LecB~PA14~ (see overlay in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). The latter ones are positioned differently due to the different steric orientation of the linking sulfonamide (planar and trans for the carboxamides, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B, compared to three-dimensional and cis for the sulfonamides, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). Therefore, the selectivity differences of LecB~PA14~ and LecB~PAO1~ for the cinnamide series of the carboxamides depend on the amino acid present at position 97.

Inhibition of Bacterial Biofilm Formation {#sec2.5}
-----------------------------------------

The two most promising compounds selected from the competitive binding assay, dimethyl thiophene **22** and Sonogashira product **29**, were then tested in a biofilm assay. We used genetically modified *P. aeruginosa* PA14 constitutively and intracellulary expressing the fluorescent protein mCherry from the pMP7605 plasmid,^[@ref43]^ followed by quantification of fluorescence using confocal light scanning microscopy (CLSM) as previously described.^[@ref41]^ The prerequisite for this in situ imaging assay that fluorescence intensity directly correlates with cell density was established earlier.^[@ref41]^ The desired absence of bactericidal or bacteriostatic effects was also confirmed for these two selected compounds by measuring total fluorescence intensities of the bacterial cultures after growth in the presence of 100 μM compounds for 23 h. Bacteria reached comparable densities with compounds as the DMSO control ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).

![Bacterial growth of mCherry-expressing *P. aeruginosa* quantified by fluorescence intensity (FI) and normalized on the DMSO control in the presence of 100 μM lectin inhibitors **22** or **29**.](jm9b01120_0006){#fig6}

For biofilm inhibition experiments, bacterial cultures were grown in the presence of 100 μM compounds for 48 h when biofilm mass was quantified by CLSM ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The two sulfonamide *C*-glycosides **22** and **29** showed very potent inhibition of *P. aeruginosa* biofilm formation by \>80% and \>90%, respectively. This statistically significant reduction of biofilm formation compared to the DMSO control is contrasting the nonsignificant effect of the natural carbohydrate ligands methyl α-[d]{.smallcaps}-mannoside (**1**) and methyl α-[l]{.smallcaps}-fucoside (**42**), previously reported (data for the latter two compounds from Sommer et al.^[@ref41]^). This inactivity of **1** and **42** is in contrast to their good biophysical protein binding activity and may result from continuous depletion in the complex biofilm experiment where bacterial factors could degrade these molecules and/or employ these natural glycosides as nutrients, whereas the *C*-glycosides remain active.

![Inhibition of biofilm formation by *P. aeruginosa* after 48 h growth in the presence of compounds **22** or **29**. Depicted data for methyl α-[l]{.smallcaps}-fucoside (**42**), **1**, and the DMSO control have been published.^[@ref41]^ (A) Quantification of biofilm biomass. Averages and standard deviations of biofilm formation from three independent assays. Statistical significance was calculated using the Student's *t* test. (B) Raw data of confocal fluorescence microscopy 3D images show one representative *z*-stack per condition.](jm9b01120_0007){#fig7}

In Vitro Metabolic Stability and Toxicity {#sec2.6}
-----------------------------------------

In vitro metabolic stability of this compound class was assessed for a number of sulfonamide-based LecB inhibitors in the presence of mouse or human liver microsomes and murine plasma ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A, Supporting Information, [Table S3](#notes1){ref-type="notes"}). Compounds were selected based on structural diversity of the sulfonamide substituent and included oxazole **17**, dimethylthiophene **22**, methylthiophene **23**, dichlorothiophene **27**, and the Sonogashira product **29**. A low intrinsic clearance (CL~int~) by mouse and human liver microsomes for all tested compounds with values at 10 μL/min/mg protein or below revealed a very high stability ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). In murine plasma, those five compounds were also fully stable over a period of 120 min without any detectable degradation ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A). These data reveal a high degree of in vitro metabolic stability for this compound class and support our recent results on sulfonamide-linked *C*-glycosides bearing trimethylphenyl **6** and thiophene **7** that also showed a good metabolic stability against liver microsomes and murine plasma.^[@ref41]^

###### Metabolic Stability of Selected Sulfonamides against Mouse and Human Liver Microsomes[a](#tbl1-fn1){ref-type="table-fn"}

            CL~int~  
  -------- --------- ------
  **17**     \<10     \<10
  **22**     \<10     \<10
  **23**      10      \<10
  **27**     \<10     \<10
  **29**     \<10     \<10

Intrinsic clearance (CL~int~) in μL/min/mg.

![(A) Stability of LecB ligands in mouse plasma. The error bars show the standard deviation of minimum three assays. (B) Toxicity of LecB ligands to human liver Hep G2 cells. Measured OD~560nm/670nm~ was normalized to the controls. Untreated cells served as negative control (normalized OD~560nm/670nm~ = 1), and Triton X-100 treated cells served as positive control (normalized OD~560nm/670nm~ = 0). The error bars show the standard deviation of minimum three assays.](jm9b01120_0008){#fig8}

The five thiophenes were further studied, and toxicity of compounds was assessed in vitro using the immortalized human hepatocyte cell line Hep G2 ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B). Only the alkyne derivative **29** displayed a weak toxicity at the highest concentration tested resulting in 64% hepatocyte viability. No toxicity was detected for all other compounds tested up to a concentration of 100 μM, which is consistent with previous in vitro data on **6** and **7** and allows to generally classify this compound class as nontoxic against Hep G2 cells. Additionally, the sulfonamides **6** and **7** are nontoxic in a murine pharmacokinetics model as reported.

Binding to plasma proteins reduces the amount of free drug, which is the necessary state for binding to the drug's target. On the contrary, plasma protein binding can positively result in prolonged plasma half-lives ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). Therefore, balancing the plasma protein binding is necessary, and we tested this property for a set of selected LecB-targeting sulfonamides, the *C*-glycosides **6**, **7**, **17**, **22**, **23**, and **29**, and the *O*-glycosides **3** and **45** (which are the *O*-linked analogues of the *C*-glycosides **6** and **7**). All tested compounds showed approx 70--80% plasma protein binding with the exception of the alkyne **29**, which was highly bound by plasma proteins. The two sulfonamides trimethylphenyl **6** and thiophenyl **7** show a plasma protein binding of 73% and 81%, respectively. Both compounds had been analyzed for their pharmakokinetics in mice, and the compound with higher plasma protein binding, **7**, also showed an increased plasma half-life of 34 min vs 17 min for **6**.^[@ref41]^

![Plasma protein binding of LecB inhibitors *C*-glycosides **6**--**29** and the *O*-glycosides **3** and **45** and naproxen as a control. Box plots show mean and confidence intervals.](jm9b01120_0009){#fig9}

Conclusions {#sec3}
===========

In summary, two clinically relevant variants of LecB were tested with \>30 newly synthesized glycomimetic inhibitors to extend the known structure--activity relationship of *C*-glycosides. Potent inhibition for LecB of both strain types was observed, and sulfonamides generally performed better in inhibition experiments than the carboxamides. Interestingly, the affinity difference of the carboxamides for the two lectins variants was rather small and usually only approximately 2-fold better for LecB~PA14~. In contrast, the sulfonamides displayed a higher affinity increase for LecB~PA14~ over LecB~PAO1~, and the difference was up to 10-fold for the Sonogashira products **29**--**36**.

The crystal structure of the dimethylthiophene **22** with LecB~PA14~ explains its increased potency due to a lipophilic interaction of the methyl group in *ortho-*position to the sulfonamide with hydrophobic protein residues. Furthermore, by comparison of this LecB~PA14~/**22** structure with the previously reported structure of cinnamide **2** with LecB~PAO1~, the selectivity differences of LecB~PA14~ and LecB~PAO1~ for the cinnamide series of the carboxamides could be assigned to the amino acid present at position 97: serine in LecB~PA14~ induces a steric clash with the cinnamide residue that is absent in case of Gly97 for LecB~PAO1~.

The two promising compounds, dimethylthiophene **22** and phenylacetylene bearing thiophene **29**, were further tested in a biofilm assay. Both compounds showed a strong inhibition of biofilm formation by *P. aeruginosa*. Further compound profiling for ADME and toxicity parameters showed that both compounds and others of this class had highest metabolic stability in murine plasma and with mouse and human liver microsomes. However, the dimethyl thiophene **22** was finally prioritized as the front-runner due to a very high plasma protein binding and mainly the moderate mammalian cytotoxicity observed at 100 μM for the otherwise very potent extended structure **29**.

In general, *C*-glycosidic sulfonamides showed highest potency toward both LecB strain-types and their specific structure--activity relationship was rationalized by crystal structure analyses. Nevertheless, the surface exposed nature of the rather shallow binding site where the sulfonamide substituent resides on LecB allows a certain degree of modification at the sulfonamide substituents. This will be a beneficial trait for future optimization of compounds or attachment of other cargo molecules, e.g., imaging probes^[@ref44]^ or antibiotics for targeted delivery.

Experimental Section {#sec4}
====================

Chemical Synthesis {#sec4.1}
------------------

Thin layer chromatography (TLC) was performed on Silica Gel 60 coated aluminum sheets containing fluorescence indicator (Merck KGaA, Darmstadt, Germany) and developed under UV light (254 nm) and aqueous KMnO~4~ solution or a molybdate solution (a 0.02 M solution of ammonium cerium sulfate dihydrate and ammonium molybdate tetrahydrate in aqueous 10% H~2~SO~4~). Prepacked Silica Gel 60 columns from Interchim and a Teledyne Isco Combiflash Rf200 system were used for preparative medium pressure liquid chromatography (MPLC). Nuclear magnetic resonance (NMR) spectroscopy was performed on a Bruker Avance III 500 UltraShield spectrometer or on a Bruker Avance III 400 UltraShield spectrometer at 500 MHz/400 MHz (^1^H), 126 MHz/101 MHz (^13^C), or 376 MHz (^19^F). Chemical shifts are given in parts per million (ppm) and were calibrated on residual solvent peaks as internal standard.^[@ref45]^ Multiplicities were specified as s (singlet), d (doublet), t (triplet), q (quartet), or m (multiplet). The signals were assigned with the help of ^1^H, ^1^H-COSY, and DEPT-135-edited ^1^H, ^13^C-HSQC experiments. Assignment numbering of the *C*-glycoside atoms and groups corresponds to the numbering in fucose. High resolution mass spectra (HRMS) were obtained on a Bruker maxis 4G hr-QqToF spectrometer, and the data were analyzed using DataAnalysis (Bruker Daltonics, Bremen, Germany). Commercial chemicals and solvents were used without further purification. Deuterated solvents were purchased from Eurisotop (Saarbrücken, Germany). *C*-Glycoside **39** was synthesized following the procedure described by Phiasivongsa et al.,^[@ref42]^ and reduction toward amine **40** was described previously.^[@ref37]^ The purity of the final compounds was further analyzed by HPLC-UV, and all UV active compounds had a purity of at least 95%. Chromatographic separation was performed on a Dionex Ultimate 3000 HPLC (Thermo Scientific, Germany) with UV detection at 254 nm using a RP-18 column (100/2 Nucleoshell RP18plus, 2.7 μm, from Machery Nagel, Germany) as stationary phase. LCMS grade distilled MeCN and double distilled H~2~O were used as mobile phases. In a gradient run, an initial concentration of 5% MeCN in H~2~O was increased to 95% during 7 min at a flow rate 600 μL/min. The injection volume was 10 μL of 1 mM compound in H~2~O/DMSO = 100:1.

General Procedure for Amide and Sulfonamide Couplings {#sec4.1.1}
-----------------------------------------------------

β-[l]{.smallcaps}-fucopyranosyl methylamine (**40**) (1 equiv) and triethylamine (1.5 equiv) were dissolved in dry DMF (30 mL per gram substrate) and cooled to 0 °C. The corresponding chloride (1.2 equiv) dissolved in DMF (0.08 M) was added dropwise under nitrogen. In the case of carboxylic acids, EDC·HCl (1.2 equiv) was added. The reaction was allowed to warm to rt and was stirred for further 1--24 h. Saturated aqueous NH~4~Cl was added and extracted with EtOAc. The combined organic layers were dried over Na~2~SO~4~, filtered, and concentrated in vacuo. Unless otherwise indicated, the residue was purified by chromatography on silica (CH~2~Cl~2~ to CH~2~Cl~2~/EtOH = 10:1 or CH~2~Cl~2~/MeOH = 10:1).

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl benzamide (**8**) {#sec4.1.1.1}

Compound **8** was obtained following the general procedure from **40** and benzoyl chloride as a colorless solid (70.9 mg, 0.251 mmol, 55%). ^1^H NMR (500 MHz, MMeOH-*d*~4~) δ 7.82--7.81 (m, 2H, C[H]{.ul}~phenyl~), 7.56--7.51 (m, 1H, ArC[H]{.ul}), 7.78--7.44 (m, 2H, ArC[H]{.ul}), 3.71 (m, 2H, C[H]{.ul}~2~NH), 3.67--3.64 (m, 1H, H-4), 3.64--3.60 (m, 1H, H-5), 3.50--3.48 (m, 2H, H-1, H-3), 3.35--3.32 (m, 1H, H-2), 1.25 (d, *J* = 3.61 Hz, CH~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 170.9 (C = O), 135.9 (ArC), 132.7 (Ar[C]{.ul}H), 129.6 (Ar[C]{.ul}H), 128.5 (Ar[C]{.ul}H), 80.0 (C-2), 76.3 (C-3), 75.8 (C-5), 73.7 (C-4), 69.9 (C-1), 42.6 ([C]{.ul}H~2~), 17.2 (C-6) ppm. HRMS calcd C~14~H~20~NO~5~^+^: 282.1336, found 282.1345.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl Benzo\[*b*\]thiophene-2- carboxamide (**9**) {#sec4.1.1.2}

Compound **9** was obtained following the general procedure from **40** and benzo\[*b*\]thiophene-2-carbonyl chloride as a yellowish solid (12 mg, 0.036 mmol, 21%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.99 (s, 1H, ArC[H]{.ul}), 7.93--7.88 (m, 2H, ArC[H]{.ul}), 7.46--7.39 (m, 2H, ArC[H]{.ul}), 3.77--3.72 (m, 1H, C[H]{.ul}~2~NH), 3.70--3.61 (m, 3H, C[H]{.ul}~2~NH, H-4, H-5), 3.54--3.46 (m, 2H, H-1, H-3), 3.38--3.33 (m, 1H, H-2), 1.28 (d, *J* = 6.31 Hz, 3H, CH~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~*)* δ 165.4 (C=O), 142.6 (ArC), 140.9 (ArC), 140.0 (ArC), 127.6 (Ar[C]{.ul}H), 126.8 (Ar[C]{.ul}H), 126.4 (Ar[C]{.ul}H), 126.1 (Ar[C]{.ul}H), 123.3 (Ar[C]{.ul}H), 80.0 (C-2), 76.4 (C-3), 76.0 (C-5), 73.8 (C-4), 70.0 (C-1), 42.8 ([C]{.ul}H~2~), 17.3 ([C]{.ul}H~3~). HRMS calcd C~16~H~20~NO~5~S^+^: 338.1057, found 338.1045.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl Benzo\[*b*\]furan-2-carboxamide (**10**) {#sec4.1.1.3}

Compound **10** was obtained following the general procedure from **40** and benzo\[*b*\]furan-2-carbonyl chloride as a colorless solid (32 mg, 0.10 mmol, 58%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.74--7.71 (m, 1H, ArC[H]{.ul}), 7.61--7.59 (m, 1H, ArC[H]{.ul}), 7.50 (d, *J* = 0.80 Hz, olefin-H), 7.48--7.44 (m, 1H, ArC[H]{.ul}), 7.34--7.30 (m, 1H, ArC[H]{.ul}), 3.83--3.79 (m, 1H, C[H]{.ul}~2~NH), 3.67--3.61 (m, 3H, C[H]{.ul}~2~NH, H-4, H-5), 3.50--3.48 (m, 2H, H-1, H-3), 3.37--3.33 (m, 1H, H-2), 1.28 (d, *J* = 6.31 Hz, 3H, C[H]{.ul}~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~*)* δ 161.7 (C=O), 156.6 (ArC), 150.0 (ArC), 129.0 (ArC), 128.4 (Ar[C]{.ul}H), 125.0 (Ar[C]{.ul}H), 123.9 (Ar[C]{.ul}H), 113.0 (Ar[C]{.ul}H), 111.6 (olefin-[C]{.ul}H), 80.0 (C-2), 76.4 (C-3), 76.0 (C-5), 73.8 (C-4), 70.3 (C-1), 42.2 ([C]{.ul}H~2~) 17.3 ([C]{.ul}H~3~). HRMS calcd C~16~H~20~NO~6~^+^: 322.1285, found 322.1300.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 1*H*-Indole-2-carboxamide (**11**) {#sec4.1.1.4}

Compound **11** was obtained following the general procedure from **40**, 1*H*-indole-2-carboxylic acid and EDC·HCl as a colorless solid (28 mg, 0.09 mmol, 31%). ^1^H NMR (500 MHz, DMSO-*d*~6~) δ 11.57 (d, *J* = 2.1 Hz, 1H, N[H]{.ul}~indole~), 8.41 (t, *J* = 5.7 Hz, 1H, N[H]{.ul}CO), 7.60 (d, *J* = 8.0 Hz, 1H, ArC[H]{.ul}), 7.43 (d, *J* = 8.3 Hz, 1H, ArC[H]{.ul}), 7.29--7.12 (m, 2H, 2 × ArC[H]{.ul}), 7.03 (ddd, *J* = 8.0, 6.9, 1.0 Hz, 1H, ArC[H]{.ul}), 4.96 (dd, *J* = 4.5, 1.5 Hz, 1H, O[H]{.ul}), 4.68 (d, *J* = 5.2 Hz, 1H, O[H]{.ul}), 4.39 (d, *J* = 4.9 Hz, 1H, O[H]{.ul}-4), 3.70 (ddd, *J* = 13.9, 4.6, 2.4 Hz, 1H, C[H]{.ul}~2~NH), 3.53--3.44 (m, 2H, H-5, H-4), 3.36--3.25 (m, 3H, C[H]{.ul}~2~NH, H-2, H-3), 3.24--3.18 (m, 1H, H-1), 1.12 (d, *J* = 6.3 Hz, 3H, H-6). ^13^C NMR (126 MHz, DMSO-*d*~6~) δ 161.5 (C = O), 136.4 (Ar[C]{.ul}), 131.6 (Ar[C]{.ul}), 127.1 (Ar[C]{.ul}), 123.3 (Ar[C]{.ul}H), 121.5 (Ar[C]{.ul}H), 119.7 (Ar[C]{.ul}H), 112.3 (Ar[C]{.ul}H), 102.9 (Ar[C]{.ul}H), 78.7 (C-1), 74.5 (C-2 or C-3), 73.8 (C-5), 71.6 (C-4), 68.7 (C-2 or C-3), 41.2 ([C]{.ul}H~2~NH), 17.2 (C-6). HRMS calcd C~16~H~21~N~2~O~5~^+^: 321.1445, found 321.1429.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 2-Phenyl-1,3-thiazol-4-carboxamide (**12**) {#sec4.1.1.5}

Compound **12** was obtained following the general procedure from **40** and 2-phenyl-1,3-thiazol-4-carbonyl chloride as a yellowish solid (30 mg, 0.08 mmol, 49%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 8.20 (s, 1H, C[H]{.ul}~thiazol~), 8.05--8.02 (m, 2H, C[H]{.ul}~phenyl~), 7.52--7.49 (m, 3H, C[H]{.ul}~phenyl~), 3.90--3.85 (m, 1H, C[H]{.ul}~2~NH), 3.68--3.63 (m, 2H, H-4, H-5), 3.62--3.56 (m, 1H, C[H]{.ul}~2~NH), 3.52--3.49 (m, 2H, H-1, H-3), 3.38--3.32 (m, 1H, H-2), 1.29 (d, *J* = 6.62 Hz, CH~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~*)* δ 170.0 (C=O), 163.8 (C~thiazol~), 151.7 (C~thiazol~), 134.3 (C~phenyl~), 132.1 ([C]{.ul}H~phenyl~), 130.4 (2 × C, [C]{.ul}H~phenyl~)~,~ 127.9 (2 × C, [C]{.ul}H~phenyl~), 124.9 ([C]{.ul}H~thiazol~), 80.1 (C-2), 76.4 (C-3), 76.0 (C-5), 73.7 (C-4), 70.6 (C-1), 42.4 ([C]{.ul}H~2~), 17.4 ([C]{.ul}H~3~). HRMS calcd C~17~H~21~N~2~O~5~S^+^: 365.1166. found 365.1185.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-Phenylthiophene-2-carboxamide (**13**) {#sec4.1.1.6}

Compound **13** was obtained following the general procedure from **40** and 5-phenyl-2-thiophene carbonyl chloride as a colorless solid (26 mg, 0.07 mmol, 42%). ^1^H NMR (500 MHz, DMSO-*d*~6~) δ 8.53 (t, *J* = 5.36 Hz, 1H, NH), 7.83 (d, *J* = 3.78 Hz, 1H, C[H]{.ul}~thiophen~), 7.70 (d, *J* = 7.25 Hz, 2H, C[H]{.ul}~phenyl~), 7.53 (d, *J* = 4.10 Hz, 1H, C[H]{.ul}~thiophen~), 7.44 (t, *J* = 7.57 Hz, 2H, C[H]{.ul}~phenyl~), 7.36 (t, *J* = 7.25 Hz, 1H, C[H]{.ul}~phenyl~), 4.89 (d, *J* = 4.73 Hz, 1H, OH), 4.68 (d, *J* = 5.36 Hz, 1H, OH), 4.37 (d, *J* = 4.73 Hz, 1H, OH), 3.71--3.65 (m, 1H, C[H]{.ul}~2~NH), 3.51--3.43 (m, 2H, H-4, H-5), 3.34--3.15 (m, 4H, C[H]{.ul}~2~NH, H-1, H-2, H-3), 1.12 (d, *J* = 6.62 Hz, 3H, C[H]{.ul}~3~). ^13^C NMR (126 MHz, DMSO-*d*~6~) δ 161.4 (C=O), 147.4 ([C]{.ul}~thiophen~), 138.9 ([C]{.ul}~thiophen~), 133.2 ([C]{.ul}~phenyl~), 129.4 ([C]{.ul}H~thiophen~), 129.3 (2 × C, [C]{.ul}H~phenyl~), 128.6 ([C]{.ul}H~phenyl~), 125.7 (2 × C, [C]{.ul}H~phenyl~), 124.4 ([C]{.ul}H~hiophen~), 78.5 (C-2), 74.5 (C-3), 73.8 (C-5), 71.6 (C-4), 68.7 (C-1), 41.5 ([C]{.ul}H~2~), 17.2 ([C]{.ul}H~3~). HRMS calcd C~18~H~22~NO~5~S^+^: 364.1213, found 364.1207.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 2-Furansulfonamide (**14**) {#sec4.1.1.7}

Compound **14** was obtained following the general procedure from **40** and furan-2-sulfonyl chloride as a colorless oil (45 mg, 0.273 mmol, 52%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.74--7.73 (m, 1H, ArC[H]{.ul}), 7.04 (dd, *J* = 3.47 Hz, *J* = 0.95 Hz, 1H, ArC[H]{.ul}), 6.60--6.57 (m, 1H, ArC[H]{.ul}), 3.62--3.60 (m, 1H, H-4), 3.54--3.49 (m, 1H, C[H]{.ul}~2~NH, H-1, H-5), 3.43--3.38 (m, 3H, H-3), 3.35 (s, 1H), 3.18--3.13 (m, 1H, H-2), 3.12--3.07 (m, 1H, C[H]{.ul}~2~NH), 1.21 (d, *J* = 6.62 Hz, 3H, C[H]{.ul}~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 150.8 (Ar[C]{.ul}), 147.7 (Ar[C]{.ul}H), 116.7 (Ar[C]{.ul}H), 112.3 (Ar[C]{.ul}H), 79.8 (C-2), 76.5 (C-3), 75.7 (C-5), 73.7 (C-4), 69.8 (C-1), 45.6 ([C]{.ul}H~2~), 17.2 (C-6). HRMS calcd C~11~H~18~NO~7~S^+^ 308.0798, found 308.0800.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 2,5-Dimethyl-3-furansulfonamide (**15**) {#sec4.1.1.8}

Compound **15** was obtained following the general procedure from **40** and 2,5-dimethyl-3-furansulfonyl chloride as a colorless solid (10 mg, 0.03 mmol, 17%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 6.19 (s, 1H, ArC[H]{.ul}), 3.63--3.60 (m, 1H, H-4), 3.55--3.49 (m, 1H, H-5), 3.44--3.35 (m, 2H, H-1,H-3), 3.29--3.25 (m, 1H, C[H]{.ul}~2~NH), 3.20--3.14 (m, 1H, H-2), 3.05--2.99 (m, 1H, C[H]{.ul}~2~NH), 2.46 (s, 3H, furan-C[H]{.ul}~3~), 2.25 (s, 3H, furan-C[H]{.ul}~3~), 1.20 (d, 3H, *J* = 6.31, C[H]{.ul}~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 155.2 (Ar[C]{.ul}), 152.3 (Ar[C]{.ul}), 122.8 (Ar[C]{.ul}), 106.5 (Ar[C]{.ul}H), 79.8 (C-2), 76.5 (C-3), 75.7 (C-5), 73.8 (C-4), 69.9 (C-1), 45.5 (C[H]{.ul}~2~NH), 17.2 (C-6), 13.2 ([C]{.ul}H~3~), 13.0 ([C]{.ul}H~3~). HRMS calcd C~13~H~22~NO~7~S^+^: 336.1111, found 336.1101.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-Methyl-2-trifluoromethyl-3-furansulfonamide (**16**) {#sec4.1.1.9}

Compound **16** was obtained following the general procedure from **40** and 5-methyl-2-trifluoromethyl-3-furansulfonyl chloride as a colorless oil (45 mg, 0.273 mmol, 52%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.19--7.17 (m, 1H, ArC[H]{.ul}), 3.62--3.60 (m, 1H, H-4), 3.52--3.47 (m, 1H, H-5), 3.41--3.35 (m, 3H, C[H]{.ul}~2~NH, H-1, H-3), 3.20--3.13 (m, 1H, H-2), 3.10--3.05 (m, 1H, C[H]{.ul}~2~NH), 2.59 (s, 3H, furan-C[H]{.ul}~3~), 1.19 (d, *J* = 6.45 Hz, 3H, CH~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 159.5 (Ar[C]{.ul}), 140.08 (q, ^2^*J*~CF~= 43.6 Hz, Ar[C]{.ul}), 124.6 (Ar[C]{.ul}), 120.0 (q, ^1^*J*~CF~ = 266.4 Hz, [C]{.ul}F~3~), 113.4 (q, ^3^*J*~CF~ = 2.9 Hz, Ar[C]{.ul}H), 79.5 (C-2), 76.3 (C-3), 75.5 (C-5), 73.5 (C-4), 69.6 (C-1), 45.3 ([C]{.ul}H2), 17.0 (C-6), 13.0 ([C]{.ul}H~3~). ^19^F NMR (376 MHz, MeOH-*d*~4~) δ −66.5 (C[F]{.ul}~3~). HRMS calcd C~13~H~19~F~3~NO~7~S^+^: 390.0829, found 390.0844.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-Methyl-4-isoxazolesulfonamide (**17**) {#sec4.1.1.10}

Compound **17** was obtained following the general procedure from **40** and 5-methyl-4-isoxazolesulfonyl chloride as a colorless oil (17.0 mg, 0.05 mmol, 19%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 8.56 (d, *J* = 0.8 Hz, 1H, ArC[H]{.ul}), 3.63--3.59 (m, 1H, H-4), 3.50 (qd, *J* = 6.5, 1.1 Hz, 1H, H-5), 3.42--3.35 (m, 3H, H-1, H-3, C[H]{.ul}~2~NH), 3.19--3.14 (m, 1H, H-2), 3.11 (dd, *J* = 12.9, 7.1 Hz, 1H, C[H]{.ul}~2~NH), 2.66 (d, *J* = 0.7 Hz, 3H, C[H]{.ul}~3~), 1.18 (d, *J* = 6.5 Hz, 3H, C[H]{.ul}~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 172.5 (Ar[C]{.ul}), 150.2 (Ar[C]{.ul}H), 119.5 (Ar[C]{.ul}), 79.5 (C-2), 76.3 (C-3), 75.5 (C-5), 73.5 (C-4), 69.6 (C-1), 45.3 ([C]{.ul}H~2~NH), 17.0 (C-6), 11.8 ([C]{.ul}H~3~). HRMS calcd C~11~H~19~N~2~O~7~S^+^: 323.0907, found 323.0902.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 1,3-Dimethyl-1-*H*-pyrazole-4-sulfonamide (**18**) {#sec4.1.1.11}

Compound **18** was obtained following the general procedure from **40** and 1,3-dimethyl-1-*H*-pyrazole-4-sulfonyl chloride as a colorless oil (24 mg, 0.07 mmol, 53%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.97 (s, 1H, ArC[H]{.ul}), 3.84 (s, 3H, N[C]{.ul}H~3~), 3.61 (dd, *J* = 3.0, 1.1 Hz, 1H, H-4), 3.51 (qd, *J* = 6.4, 1.1 Hz, 1H, H-5), 3.45--3.36 (m, 2H, H-2, H-3), 3.31--3.27 (m, 1H, C[H]{.ul}~2~NH), 3.15 (ddd, *J* = 9.2, 7.0, 2.6 Hz, 1H), 3.03 (dd, *J* = 13.0, 7.0 Hz, 1H), 2.36 (s, 3H), 1.20 (d, *J* = 6.5 Hz, 3H, C[H]{.ul}~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 148.6 (Ar[C]{.ul}), 135.7 (Ar[C]{.ul}H), 120.8 (Ar[C]{.ul}), 79.4 (C-2), 76.4 (C-3), 75.6 (C-5), 73.6 (C-4), 69.7 (C-1), 45.3 ([C]{.ul}H~2~NH), 39.1 (N[C]{.ul}H~3~), 17.1 (C-6), 12.3 ([C]{.ul}H~3~). HRMS calcd C~12~H~22~N~3~O~6~S^+^: 336.1224, found 336.1225.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 1-Methyl-1-*H*-pyrazole-3-sulfonamide (**19**) {#sec4.1.1.12}

Compound **19** was obtained following the general procedure from **40** and 1-methyl-1-*H*-pyrazole-3-sulfonyl chloride as a colorless oil (57 mg, 0.177 mmol, 63%). ^1^H NMR (500 MHz, MeOH-*d*~4~*)* δ 7.72 (d, *J* = 2.21 Hz, 1H, ArC[H]{.ul}), 6.66 (d, *J* = 2.21 Hz, 1H, ArC[H]{.ul}), 3.96 (s, 3H, NC[H]{.ul}~3~), 3.63--3.61 (m, 1H, H-4), 3.56--3.50 (m, 1H, H-5), 3.47--3.39 (m, 3H, C[H]{.ul}~2~NH, H-1, H-3), 3.23--3.18 (m, 1H, H-2), 3.16--3.10 (m, 1H, C[H]{.ul}~2~NH), 1.21 (d, *J* = 6.62 Hz, 3H, CH~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~*)* δ 152.1 (Ar[C]{.ul}), 134.0 (Ar[C]{.ul}H), 107.7 (Ar[C]{.ul}H), 79.9 (C-2), 76.5 (C-3), 75.7 (C-5), 73.8 (C-4), 69.8 (C-1), 45.8 ([C]{.ul}H~2~), 39.9 (N[C]{.ul}H~3~), 17.2 (C-6). HRMS calcd C~11~H~20~N~3~O~6~S^+^: 322.1067, found 322.1070.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 1-Methyl-1-*H*-pyrazole-4-sulfonamide (**20**) {#sec4.1.1.13}

Compound **20** was obtained following the general procedure from **40** and 1-methyl-1-*H*-pyrazole-4-sulfonyl chloride as a colorless solid (26 g, 0.08 mmol, 47%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 8.08 (s, 1H, ArC[H]{.ul}), 7.76 (s, 1H, ArC[H]{.ul}), 3.93 (s, 3H, NC[H]{.ul}~3~), 3.63--3.60 (m, 1H, H-4), 3.55--3.50 (m, 1H, H-5), 3.45--3.38 (m, 2H, H-1, H-3), 3.34--3.32 (m, 1H, C[H]{.ul}~2~NH), 3.22--3.17 (m, 1H, H-2), 3.06--3.01 (m, 1H, C[H]{.ul}~2~NH), 1.19 (d, *J* = 6.31 Hz, 3H, C[H]{.ul}~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 139.5 (Ar[C]{.ul}H), 133.8 (Ar[C]{.ul}H), 124.0 (ArC), 79.7 (C-2), 76.5 (C-3), 75.7 (C-5), 73.7 (C-4), 69.8 (C-1), 45.7 ([C]{.ul}H~2~), 39.6 (N[C]{.ul}H~3~), 17.2 ([C]{.ul}H~3~). HRMS calcd C~11~H~20~N~3~O~6~S^+^: 322.1067, found 322.1064.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 3-Thiophenesulfonamide (**21**) {#sec4.1.1.14}

Compound **21** was obtained following the general procedure from **40** and 3-thiophenesulfonyl chloride as a colorless oil (41.6 mg, 0.13 mmol, 76%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 8.07 (dd, *J* = 3.0, 1.3 Hz, 1H, ArC[H]{.ul}), 7.59 (dd, *J* = 5.2, 3.0 Hz, 1H, ArC[H]{.ul}), 7.38 (dd, *J* = 5.2, 1.3 Hz, 1H, ArC[H]{.ul}), 3.60 (dd, *J* = 2.9, 1.1 Hz, 1H, H-4), 3.48 (qd, *J* = 6.4, 1.1 Hz, 1H, H-5), 3.44--3.33 (m, 3H, H-1, H-3, C[H]{.ul}~2~NH), 3.17--3.11 (m, 1H, H-2), 3.04 (dd, *J* = 13.0, 7.2 Hz, 1H, C[H]{.ul}~2~NH), 1.20 (d, *J* = 6.4 Hz, 3H, C[H]{.ul}~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 142.0 (ArC), 131.2 (Ar[C]{.ul}H), 129.2 (Ar[C]{.ul}H), 126.6 (Ar[C]{.ul}H), 79.5 (C-2), 76.3 (C-3), 75.5 (C-5), 73.6 (C-4), 69.7 (C-1), 45.6 ([C]{.ul}H~2~NH), 17.1 (C-6). HRMS calcd for C~11~H~16~NO~6~S~2~^+^: 324.0570, found 324.0567.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 2,5-Dimethyl-3-thiophenesulfonamide (**22**) {#sec4.1.1.15}

Compound **22** was obtained following the general procedure from **40** and 2,5-dimethyl-2-thiophenesulfonyl chloride as a colorless oil (39.8 mg, 0.11 mmol, 67%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 6.92 (q, *J* = 1.2 Hz, 1H, ArC[H]{.ul}), 3.60 (dd, *J* = 3.1, 1.1 Hz, 1H, H-4), 3.46 (qd, *J* = 6.5, 1.1 Hz, 1H, H-5), 3.44--3.29 (m, 3H, H-1, H-3, C[H]{.ul}~2~NH), 3.14--3.07 (m, 1H, H-2), 3.02 (dd, *J* = 13.0, 7.3 Hz, 1H, C[H]{.ul}~2~NH), 2.60 (s, 3H, thiophene-C[H]{.ul}~3~), 2.39 (s, 3H, thiophene-C[H]{.ul}~3~), 1.20 (d, *J* = 6.5 Hz, 3H, C[H]{.ul}~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 143.5 (ArC), 137.7 (ArC), 135.9 (ArC), 126.6 (Ar[C]{.ul}H), 79.4 (C-2), 76.3 (C-3), 75.6 (C-5), 73.6 (C-4), 69.8 (C-1), 45.3 ([C]{.ul}H~2~NH), 17.1 (C-6), 14.8 ([C]{.ul}H~3~), 14.2 ([C]{.ul}H~3~). HRMS calcd for C~13~H~22~NO~6~S~2~^+^: 352.0883, found 352.0881.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-Methyl-2-thiophenesulfonamide (**23**) {#sec4.1.1.16}

Compound **23** was obtained following the general procedure from **40** and 5-methyl-2-thiophenesulfonyl chloride as a colorless oil (40.3 mg, 0.12 mmol, 71%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.40 (d, *J* = 3.7 Hz, 1H, ArC[H]{.ul}), 6.88--6.79 (m, 1H, ArC[H]{.ul}), 3.61 (dd, *J* = 3.0, 1.1 Hz, 1H, H-4), 3.51 (qd, *J* = 6.5, 1.1 Hz, 1H, H-5), 3.46--3.33 (m, 3H, H-1, H-3, C[H]{.ul}~2~NH), 3.21--3.15 (m, 1H, H-2), 3.06 (dd, *J* = 12.9, 7.1 Hz, 1H, C[H]{.ul}~2~NH), 2.53 (d, *J* = 1.0 Hz, 3H, thiophene-C[H]{.ul}~3~), 1.20 (d, *J* = 6.4 Hz, 3H, C[H]{.ul}~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 148.6 (ArC), 139.6 (ArC), 133.3 (Ar[C]{.ul}H), 126.9 (Ar[C]{.ul}H), 79.5 (C-2), 76.3 (C-3), 75.5 (C-5), 73.6 (C-4), 69.7 (C-1), 45.7 ([C]{.ul}H~2~NH), 17.0 (C-6), 15.3 ([C]{.ul}H~3~). HRMS calcd for C~12~H~20~NO~6~S~2~^+^: 338.0727, found 338.0724.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 4-Methyl-2-thiophenesulfonamide (**24**) {#sec4.1.1.17}

Compound **24** was obtained following the general procedure from **40** and 4-methyl-2-thiophenesulfonyl chloride as a colorless oil (26 mg, 0.078 mmol, 27%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.44--7.42 (m, 1H, ArC[H]{.ul}), 7.35--7.33 (m, 1H, ArC[H]{.ul}), 3.63--3.60 (m, 1H, H-4), 3.54--3.48 (m, 1H, H-5), 3.44--3.35 (m, 3H, C[H]{.ul}~2~NH, H-1, H-3), 3.21--3.16 (m, 1H, H-2), 3.10--3.04 (m, 1H, C[H]{.ul}~2~NH), 2.28 (s, 3H, thiophene-C[H]{.ul}~3~), 1.21 (d, *J* = 6.31 Hz, 3H, C[H]{.ul}~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 142.5 (ArC), 139.9 (ArC), 134.9 (Ar[C]{.ul}H), 128.6 (Ar[C]{.ul}H), 79.9 (C-2), 76.7 (C-3), 75.9 (C-5), 73.9 (C-4), 70.1 (C-1), 46.1 ([C]{.ul}H~2~), 17.4 (C-6), 15.8 ([C]{.ul}H~3~) ppm. HRMS calcd C~12~H~20~NO~6~S~2~^+^: 338.0727; found: 338.0720.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 3-Methyl-2-thiophenesulfonamide (**25**) {#sec4.1.1.18}

Compound **25** was obtained following the general procedure from **40** and 3-methyl-2-thiophenesulfonyl chloride as a colorless oil (24 mg, 0.07 mmol, 42%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.58 (d, *J* = 5.04 Hz, 1H, ArC[H]{.ul}), 7.00 (d, *J* = 5.04 Hz, 1H, ArC[H]{.ul}), 3.61--3.58 (m, 1H, H-4), 3.50--3.44 (m, 1H, H-5), 3.43--3.32 (m, 3H, C[H]{.ul}~2~NH, H-1, H-3), 3.13--3.03 (m, 2H, C[H]{.ul}~2~NH, H-2), 2.47 (s, 3H, thiophene-C[H]{.ul}~3~), 1.20 (d, *J* = 6.31 Hz, 3H, C[H]{.ul}~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 143.2 (ArC), 136.0 (ArC), 133.0 (Ar[C]{.ul}H), 130.7 (Ar[C]{.ul}H), 79.5 (C-2), 76.5 (C-3), 75.7 (C-5), 73.7 (C-4), 69.8 (C-1), 45.6 ([C]{.ul}H~2~), 17.2 ([C]{.ul}H~3~), 14.9 (thiophene-[C]{.ul}H~3~). HRMS calcd C~12~H~20~NO~6~S~2~^+^: 338.0727, found 338.0732.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-Ethyl-2-thiophenesulfonamide (**26**) {#sec4.1.1.19}

Compound **26** was obtained following the general procedure from **40** and 5-ethyl-2-thiophenesulfonyl chloride as a colorless oil (32 mg, 0.091 mmol, 32%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.43 (d, *J* = 3.78 Hz, 1H, ArC[H]{.ul}), 6.87 (d, *J* = 3.78 Hz, 1H, ArC[H]{.ul}), 3.62--3.60 (m, 1H, H-4), 3.54--3.48 (m, 1H, H-5), 3.45--3.34 (m, 3H, C[H]{.ul}~2~NH, H-1, H-3), 3.20--3.15 (m, 1H, H-2), 3.08--3.03 (m, 1H, C[H]{.ul}~2~NH), 2.91 (q, *J* = 7.57 Hz, 2H, thiophene-C[H]{.ul}~2~CH~3~), 1.32 (t, *J* = 7.57 Hz, 3H, thiophene-CH~2~C[H]{.ul}~3~), 1.19 (d, *J* = 6.31 Hz, 3H, C[H]{.ul}~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 156.2 (ArC), 139.4 (ArC), 133.3 (Ar[C]{.ul}H), 125.3 (Ar[C]{.ul}H), 79.7 (C-2), 76.5 (C-3), 75.7 (C-5), 73.7 (C-4), 69.9 (C-1), 45.9 ([C]{.ul}H~2~), 24.6 (thiophene-[C]{.ul}H~2~CH~3~), 17.2 (C-6), 16.3 (thiophene-CH~2~[C]{.ul}H~3~). HRMS calcd C~13~H~22~NO~6~S~2~^+^: 352.0883, found 352.0899.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 4,5-Dichloro-2-thiophenesulfonamide (**27**) {#sec4.1.1.20}

Compound **27** was obtained following the general procedure from **40** and 4,5-dichloro-2-thiophenesulfonyl chloride as a colorless oil (42.0 mg, 0.11 mmol, 63%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.51 (s, 1H, ArC[H]{.ul}), 3. 63--3.60 (m, 1H, H-4), 3.51 (qd, *J* = 6.5, 1.1 Hz, 1H. H-5), 3.45--3.36 (m, 3H, H-1, H-3, C[H]{.ul}~2~NH), 3.22--3.16 (m, 1H, H-2), 3.12 (dd, *J* = 12.9, 7.2 Hz, 1H, C[H]{.ul}~2~NH), 1.19 (d, *J* = 6.5 Hz, 3H, C[H]{.ul}~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 140.5 (ArC), 131.5 (Ar[C]{.ul}H), 131.1 (ArC), 125.6 (ArC), 79.4 (C-2), 76.3 (C-3), 75.5 (C-5), 73.5 (C-4), 69.7 (C-1), 45.8 ([C]{.ul}H~2~NH), 17.1 (C-6). HRMS calcd for C~11~H~16~Cl~2~NO~6~S~2~^+^: 391.9791, found 391.9787.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-Bromo-2-thiophenesulfonamide (**28**) {#sec4.1.1.21}

Compound **28** was obtained following the general procedure from **40** and 5-bromo-2-thiophenesulfonyl chloride as a colorless oil (43.6 mg, 0.11 mmol, 64%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.40 (d, *J* = 3.9 Hz, 1H, ArC[H]{.ul}), 7.18 (d, *J* = 4.0 Hz, 1H, ArC[H]{.ul}), 3.64--3.58 (m, 1H, H-4), 3.51 (qd, *J* = 6.5, 1.1 Hz, 1H, H-5), 3.43--3.36 (m, 3H, H-1, H-3, C[H]{.ul}~2~NH), 3.22--3.15 (m, 1H, H-2), 3.08 (dd, *J* = 12.9, 7.2 Hz, 1H, C[H]{.ul}~2~NH), 1.20 (d, *J* = 6.5 Hz, 3H, CH~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 144.2 (ArC), 133.2 (Ar[C]{.ul}H), 131.9 (Ar[C]{.ul}H), 119.8 (ArC), 79.5 (C-2), 76.3 (C-3), 75.5 (C-5), 73.6 (C-4), 69.7 (C-1), 45.7 ([C]{.ul}H~2~NH), 17.1 (C-6). HRMS calcd for C~11~H~17~BrNO~6~S~2~^+^: 401.9675, found 401.9671.

General Procedure for the Sonogashira Couplings {#sec4.1.2}
-----------------------------------------------

The solution of the bromothiophene **28**, CuI, Pd(PPh~3~)~2~Cl~2~, the corresponding acetylene, and Et~3~N in DMF (0.03 M) was degassed (100 mbar) at 0 °C. The reaction mixture was stirred under argon atmosphere at 50 °C for 16--42 h, monitored by LCMS, and poured into H~2~O (4 mL). The organic phase was separated, and the aqueous phase was extracted with EtOAc (7 × 3 mL). The combined organic layers were dried over Na~2~SO~4~, and the solvent was removed in vacuo.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-Phenylethynyl-2-thiophenesulfonamide (**29**) {#sec4.1.2.1}

A solution of thiophene **28** (30 mg, 0.07 mmol), CuI (0.7 mg, 0.004 mmol), Pd(PPh~3~)~2~Cl~2~ (1.3 mg, 0.002 mmol), phenylacetylene (0.01 mL, 0.09 mmol), and Et~3~N (20 μL, 0.15 mmol) in DMF (2.5 mL) was degassed (100 mbar) at 0 °C. The reaction mixture was stirred under argon atmosphere at 50 °C for 3 h and monitored by LCMS. Phenylacetylene (0.01 mL, 0.09 mmol) was added, and the reaction mixture was stirred at 50 °C for 14 h and poured into H~2~O (4 mL). The organic phase was separated, and the aqueous phase was extracted with EtOAc (7 × 3 mL). The combined organic layers were dried over Na~2~SO~4~, and the solvent was removed in vacuo. The residue was purified by HPLC (VP250/10 Nucleodur C-18 Gravity SB, 5 μm from Macherey Nagel, 8 mL/min; eluent A, H~2~O; eluent B, MeCN, 0--40 min 30%--50% B). After lyophilization, **29** was obtained as a colorless solid (18.4 mg, 0.043 mmol, 59%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.57--7.50 (m, 3H, C[H]{.ul}~thiophene~, C[H]{.ul}~phenyl~), 7.41 (dd, *J* = 5.2, 2.0 Hz, 3H, C[H]{.ul}~phenyl~), 7.29 (d, *J* = 3.8 Hz, 1H, C[H]{.ul}~thiophene~), 3.64--3.59 (m, 1H, H-4), 3.52 (qd, *J* = 6.5, 1.1 Hz, 1H, H-5), 3.45--3.38 (m, 3H, H-2, H-3, C[H]{.ul}~2~NH), 3.20 (ddd, *J* = 9.3, 7.2, 2.2 Hz, 1H, H-1), 3.11 (dd, *J* = 12.9, 7.2 Hz, 1H, C[H]{.ul}~2~NH), 1.21 (d, *J* = 6.4 Hz, 3H, C[H]{.ul}~3~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 143.5 (ArC), 133.0 (ArC), 132.7 (ArC), 132.6 (ArC), 130.4 (ArC), 130.1 (ArC), 129.7 (ArC), 123.2 (ArC), 96.7 (C~ethynyl~), 81.7 (C~ethynyl~), 79.6 (C-1), 76.3 (C-2 or C-3), 75.6 (C-5), 73.6 (C-4), 69.7 (C-2 or C-3), 45.8 ([C]{.ul}H~2~NH), 17.1 (C-6). HRMS calcd C~19~H~22~NO~6~S~2~^+^: 424.0883, found 424.0884.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-(*o*-Methyl-phenylethynyl)-2-thiophenesulfonamide (**30**) {#sec4.1.2.2}

Compound **30** was obtained following the general procedure for Sonogashira coupling from **28** (30 mg, 0.075 mmol), Pd(PPh~3~)~2~Cl~2~ (1.3 mg, 0.002 mmol), CuI (0.7 mg, 0.004 mmol), Et~3~N (20 μL, 0.14 mmol), and (*o*-methylphenyl)acetylene (17 μL, 0.136 mmol). The residue was purified by RP-MPLC (RediSep column: C18 15.5 g of gold, 30 mL/min; eluent A, H~2~O + 0.1% HCOOH; eluent B, MeCN + 0.1% HCOOH, 0--4 min 5%--30% B, 4--25 min 30% B, 25--39 min 30%--40% B). After lyophilization, **30** was obtained as a colorless solid (24 mg, 0.05 mmol, 74%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.53 (d, *J* = 3.9 Hz, 1H, C*[H]{.ul}*~aromatic~), 7.49--7.45 (m, 1H, C*[H]{.ul}*~aromatic~), 7.33--7.26 (m, 3H, C*[H]{.ul}*~aromatic~), 7.23--7.18 (m, 1H, C*[H]{.ul}*~aromatic~), 3.63--3.59 (m, 1H, H-4), 3.52 (qd, *J* = 6.5, 1.1 Hz, 1H, H-5), 3.47--3.38 (m, 3H, H-2, H-3, C*[H]{.ul}*~2~NH), 3.24--3.17 (m, 1H, H-1), 3.11 (dd, *J* = 12.9, 7.3 Hz, 1H, C*[H]{.ul}*~2~NH), 2.47 (s, 3H, C*[H]{.ul}*~3~), 1.21 (d, *J* = 6.5 Hz, 3H, H-6). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 143.4 (C~aromatic~), 141.4 (C~aromatic~), 132.9 ([*C*]{.ul}H~aromatic~), 132.7 ([*C*]{.ul}H~aromatic~), 132.7 ([*C*]{.ul}H~aromatic~), 130.7 ([*C*]{.ul}H~aromatic~), 130.5 (C~aromatic~), 130.3 ([*C*]{.ul}H~aromatic~), 127.0, ([*C*]{.ul}H~aromatic~) 122.8 (C~aromatic~), 95.7 (C~ethynyl~), 85.6 (C~ethynyl~), 79.5 (C-1), 76.3 (C-2 or C-3), 75.6 (C-5), 73.6 (C-4), 69.7 (C-2 or C-3), 45.8 ([*C*]{.ul}H~2~NH), 20.7 ([*C*]{.ul}H~3~), 17.1 (C-6). HR-MS calcd C~20~H~24~NO~6~S~2~^+^: 438.1040, found 438.1028.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-(*m*-Methyl-phenylethynyl)-2-thiophenesulfonamide (**31**) {#sec4.1.2.3}

Compound **31** was obtained following the general procedure for Sonogashira coupling from **28** (30 mg, 0.075 mmol), Pd(PPh~3~)~2~Cl~2~ (2.6 mg, 0.004 mmol), CuI (1.4 mg, 0.007 mmol), Et~3~N (20 μL, 0.14 mmol), and (*m*-methylphenyl)acetylene (23 μL, 0.176 mmol). The residue was purified by RP-MPLC (RediSep column: C18 15.5 g of gold, 30 mL/min; eluent A, H~2~O; eluent B, MeCN, 0--4 min 5%--30% B, 4--45 min 30% B). After lyophilization, **31** was obtained as a colorless solid (18 mg, 0.04 mmol, 55%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.52 (d, *J* = 3.9 Hz, 1H, C[*H*]{.ul}~aromatic~), 7.37--7.34 (m, 1H, C*[H]{.ul}*~aromatic~), 7.34--7.30 (m, 1H, C*[H]{.ul}*~aromatic~), 7.30--7.28 (m, 1H, C*[H]{.ul}*~aromatic~), 7.27 (d, *J* = 3.9 Hz, 1H, C*[H]{.ul}*~aromatic~), 7.25--7.22 (m, 1H, C*[H]{.ul}*~aromatic~), 3.63--3.59 (m, 1H, H-4), 3.52 (qd, *J* = 6.4, 1.1 Hz, 1H, H-5), 3.46--3.37 (m, 3H, H-2, H-3, C*[H]{.ul}*~2~NH), 3.23--3.17 (m, 1H, H-1), 3.11 (dd, *J* = 12.9, 7.2 Hz, 1H, C*[H]{.ul}*~2~NH), 2.35 (d, *J* = 0.7 Hz, 3H, C*[H]{.ul}*~3~), 1.21 (d, *J* = 6.5 Hz, 3H, H-6). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 143.4 (C~aromatic~), 139.7 (C~aromatic~), 133.0 ([*C*]{.ul}H~aromatic~), 132.9 ([*C*]{.ul}H~aromatic~), 132.7 ([*C*]{.ul}H~aromatic~), 131.2 ([*C*]{.ul}H~aromatic~), 130.3 (C~aromatic~), 129.7 ([*C*]{.ul}H~aromatic~), 129.6 ([*C*]{.ul}H~aromatic~), 123.0 (C~aromatic~), 97.0 (C~ethynyl~), 81.3 (C~ethynyl~), 79.6 (C-1), 76.3 (C-2 or C-3), 75.6 (C-5), 73.6 (C-4), 69.7 (C-2 or C-3), 45.8 ([*C*]{.ul}H~2~NH), 21.2 ([*C*]{.ul}H~3~), 17.1 (C-6). HR-MS calcd C~20~H~24~NO~6~S~2~^+^: 438.1040, found 438.1041.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-(*p*-Methyl-phenylethynyl)-2-thiophenesulfonamide (**32**) {#sec4.1.2.4}

Compound **32** was obtained following the general procedure for Sonogashira coupling from **28** (30 mg, 0.075 mmol), Pd(PPh~3~)~2~Cl~2~ (1.3 mg, 0.002 mmol), CuI (0.7 mg, 0.004 mmol), Et~3~N (20 μL, 0.14 mmol), and (*p*-methylphenyl)acetylene (20 μL, 0.14 mmol). The residue was purified by RP-MPLC (RediSep column: C18 15.5 g of gold, 30 mL/min; eluent A, H~2~O; eluent B, MeCN, 0--4 min 5%--30% B, 4--45 min 30% B). After lyophilization, **32** was obtained as a colorless solid (21 mg, 0.05 mmol, 64%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.51 (d, *J* = 3.9 Hz, 1H, C*[H]{.ul}*~aromatic~), 7.43--7.39 (m, 2H, C*[H]{.ul}*~aromatic~), 7.25 (d, *J* = 3.9 Hz, 1H, C*[H]{.ul}*~aromatic~), 7.25--7.20 (m, 2H, C*[H]{.ul}*~aromatic~), 3.63--3.59 (m, 1H, H-4), 3.51 (qd, *J* = 6.5, 1.1 Hz, 1H, H-5), 3.45--3.37 (m, 3H, H-2, H-3, C*[H]{.ul}*~2~NH), 3.23--3.16 (m, 1H, H-1), 3.11 (dd, *J* = 12.9, 7.3 Hz, 1H, C*[H]{.ul}*~2~NH), 2.37 (s, 3H, C*[H]{.ul}*~3~), 1.21 (d, *J* = 6.5 Hz, 3H, H-6). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 143.2 (C~aromatic~), 141.0 (C~aromatic~), 132.7 ([*C*]{.ul}H~aromatic~), 132.7 ([*C*]{.ul}H~aromatic~), 132.5 ([*C*]{.ul}H~aromatic~), 130.5 (C~aromatic~), 130.4 ([*C*]{.ul}H~aromatic~), 120.2 (C~aromatic~), 97.0 (C~ethynyl~), 81.1 (C~ethynyl~), 79.6 (C-1), 76.3 (C-2 or C-3), 75.6 (C-5), 73.6 (C-4), 69.7 (C-2 or C-3), 45.8 ([*C*]{.ul}H~2~NH), 21.6 ([*C*]{.ul}H~3~), 17.1 (C-6). HR-MS calcd C~20~H~24~NO~6~S~2~^+^: 438.1040, found 438.1040.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-(*p*-Methoxy-phenylethynyl)-2-thiophenesulfonamide (**33**) {#sec4.1.2.5}

Compound **33** was obtained following the general procedure for Sonogashira coupling from **28** (30 mg, 0.075 mmol), Pd(PPh~3~)~2~Cl~2~ (2.6 mg, 0.004 mmol), CuI (1.4 mg, 0.007 mmol), Et~3~N (20 μL, 0.14 mmol), and (*p*-methoxyphenyl)acetylene (12 mg, 0.09 mmol). The residue was purified by RP-MPLC (RediSep column: C18 15.5 g of gold, 30 mL/min; eluent A, H~2~O + 0.1% HCOOH; eluent B, MeCN + 0.1% HCOOH, 0--4 min 5%--30% B, 4--45 min 30% B). After lyophilization, **33** was obtained as a colorless solid (15 mg, 0.03 mmol, 44%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.50 (d, *J* = 3.8 Hz, 1H, C*[H]{.ul}*~aromatic~), 7.48--7.44 (m, 2H, C*[H]{.ul}*~aromatic~), 7.23 (d, *J* = 3.9 Hz, 1H, C*[H]{.ul}*~aromatic~), 6.98--6.93 (m, 2H, C*[H]{.ul}*~aromatic~), 3.83 (s, 3H, OC*[H]{.ul}*~3~), 3.63--3.59 (m, 1H, H-4), 3.52 (qd, *J* = 6.5, 1.1 Hz, 1H, H-5), 3.45--3.36 (m, 3H, H-2, H-3, C*[H]{.ul}*~2~NH), 3.22--3.16 (m, 1H, H-1), 3.11 (dd, *J* = 12.9, 7.3 Hz, 1H, C*[H]{.ul}*~2~NH), 1.21 (d, *J* = 6.5 Hz, 3H, H-6). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 162.0 (C~aromatic~), 142.8 (C~aromatic~), 134.2 ([*C*]{.ul}H~aromatic~), 132.7 ([*C*]{.ul}H~aromatic~), 132.4 ([*C*]{.ul}H~aromatic~), 130.8 (C~aromatic~), 115.4 ([*C*]{.ul}H~aromatic~), 115.1 (C~aromatic~), 97.1 (C~ethynyl~), 80.4 (C~ethynyl~), 79.6 (C-1), 76.4 (C-2 or C-3), 75.6 (C-5), 73.6 (C-4), 69.7 (C-2 or C-3), 55.9 (O[*C*]{.ul}H~3~), 45.8 ([*C*]{.ul}H~2~NH), 17.1 (C-6). HR-MS calcd C~20~H~24~NO~7~S~2~^+^: 454.0989, found 454.0975.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-Cyclopropylethynyl-2-thiophenesulfonamide (**34**) {#sec4.1.2.6}

Compound **34** was obtained following the general procedure for Sonogashira coupling from **28** (30 mg, 0.075 mmol), Pd(PPh~3~)~2~Cl~2~ (1.3 mg, 0.002 mmol), CuI (0.7 mg, 0.004 mmol), Et~3~N (20 μL, 0.14 mmol), and cyclopropylacetylene (16 μL, 0.19 mmol). The residue was purified by RP-MPLC (RediSep column: C18 15.5 g of gold, 30 mL/min; eluent A, H~2~O + 0.1% HCOOH; eluent B, MeCN + 0.1% HCOOH, 0--40 min 5%--50% B). After lyophilization, **34** was obtained as a colorless solid (10 mg, 0.03 mmol, 35%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.43 (d, *J* = 3.9 Hz, 1H, C*[H]{.ul}*~aromatic~), 7.07 (d, *J* = 3.9 Hz, 1H, C*[H]{.ul}*~aromatic~), 3.63--3.59 (m, 1H, H-4), 3.50 (qd, *J* = 6.4, 1.1 Hz, 1H, H-5), 3.42--3.35 (m, 3H, H-2, H-3, C*[H]{.ul}*~2~NH), 3.21--3.14 (m, 1H, H-1), 3.07 (dd, *J* = 12.9, 7.3 Hz, 1H, C*[H]{.ul}*~2~NH), 1.53 (tt, *J* = 8.3, 5.0 Hz, 1H, C[*H*]{.ul}), 1.20 (d, *J* = 6.5 Hz, 3H, H-6), 0.99--0.92 (m, 2H, C*[H]{.ul}*~2~), 0.81--0.76 (m, 2H, C*[H]{.ul}*~2~). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 141.9 (C~aromatic~), 132.5 ([*C*]{.ul}H~aromatic~), 132.1 ([*C*]{.ul}H~aromatic~), 131.5 (C~aromatic~), 102.1 (C~ethynyl~), 79.6 (C-1), 76.4 (C-2 or C-3), 75.6 (C-5), 73.6 (C-4), 69.7 (C-2 or C-3), 68.2 (C~ethynyl~), 45.8 ([*C*]{.ul}H~2~NH), 17.1 (C-6), 9.3 ([*C*]{.ul}H~2~), 0.9 ([*C*]{.ul}H). HR-MS calcd C~16~H~22~NO~6~S~2~^+^: 388.0883, found 388.0873.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-(3-Butyn-2-ol,2-methyl)-2-thiophenesulfonamide (**35**) {#sec4.1.2.7}

Compound **35** was obtained following the general procedure for Sonogashira coupling from **28** (30 mg, 0.075 mmol), Pd(PPh~3~)~2~Cl~2~ (2.6 mg, 0.004 mmol), CuI (1.4 mg, 0.007 mmol), Et~3~N (20 μL, 0.14 mmol), and (1-hydroxy-1-methylethyl)acetylene (17 μL, 0.18 mmol). The residue was purified by MPLC (CH~2~Cl~2~ + 0.1% MeOH to CH~2~Cl~2~ + 0.1% MeOH/MeOH = 9:1). **35** was obtained as a colorless solid (15 mg, 0.04 mmol, 50%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.47 (d, *J* = 3.9 Hz, 1H, C*[H]{.ul}*~aromatic~), 7.17 (d, *J* = 3.9 Hz, 1H, C*[H]{.ul}*~aromatic~), 3.62--3.59 (m, 1H, H-4), 3.50 (qd, *J* = 6.5, 1.1 Hz, 1H, H-5), 3.43--3.36 (m, 3H, H-2, H-3, C*[H]{.ul}~2~*NH), 3.20--3.15 (m, 1H, H-1), 3.08 (dd, *J* = 12.9, 7.3 Hz, 1H, C*[H]{.ul}~2~*NH), 1.55 (s, 6H, COH(C*[H]{.ul}*~3~)~2~), 1.20 (d, *J* = 6.5 Hz, 3H, H-6). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 143.2 (C~aromatic~), 132.8 ([*C*]{.ul}H~aromatic~), 132.5 ([*C*]{.ul}H~aromatic~), 130.1 (C~aromatic~), 102.2 (C~ethynyl~), 79.6 (C-1), 76.3 (C-2 or C-3), 75.6 (C-5), 74.3 (C~ethynyl~), 73.6 (C-4), 69.7 (C-2 or C-3), 65.9 ([*C*]{.ul}OH(CH~3~)~2~), 45.8 ([*C*]{.ul}H~2~NH), 31.3 (COH([*C*]{.ul}H~3~)~2~), 17.1 (C-6). HR-MS calcd \[M + H^+^--H~2~O\] C~16~H~22~NO~6~S~2~^+^: 388.0883, found 388.0887.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-(Benzene,3-butyn-1-yl)-2-thiophenesulfonamide (**36**) {#sec4.1.2.8}

Compound **36** was obtained following the general procedure for Sonogashira coupling from **28** (30 mg, 0.075 mmol), Pd(PPh~3~)~2~Cl~2~ (2.6 mg, 0.004 mmol), CuI (1.4 mg, 0.007 mmol), Et~3~N (20 μL, 0.14 mmol), and (3-butynyl)benzene (13 μL, 0.09 mmol). The residue was purified by RP-MPLC (RediSep column: C18 15.5 g of gold, 30 mL/min; eluent A, H~2~O + 0.1% HCOOH; eluent B, MeCN + 0.1% HCOOH, 0--5 min 5%--20% B, 5--45 min 20%--45% B). After lyophilization, **36** was obtained as a colorless solid (8 mg, 0.02 mmol, 24%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.43 (d, *J* = 3.9 Hz, 1H, C*[H]{.ul}*~aromatic~), 7.33--7.25 (m, 4H, C*[H]{.ul}*~aromatic~), 7.23--7.18 (m, 1H, C*[H]{.ul}*~aromatic~), 7.05 (d, *J* = 3.9 Hz, 1H), 3.63--3.58 (m, 1H, H-4), 3.49 (qd, *J* = 6.5, 1.1 Hz, 1H, H-5), 3.41--3.36 (m, 3H, H-2, H-3, C*[H]{.ul}*~2~NH), 3.21--3.13 (m, 1H, H-1), 3.07 (dd, *J* = 13.0, 7.3 Hz, 1H, C*[H]{.ul}*~2~NH), 2.90 (t, *J* = 7.2 Hz, 2H, C*[H]{.ul}*~2~), 2.75 (dd, *J* = 7.5, 6.9 Hz, 2H, C*[H]{.ul}*~2~), 1.19 (d, *J* = 6.5 Hz, 3H, H-6). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 142.2 (C~aromatic~), 141.6 (C~aromatic~), 132.5 ([*C*]{.ul}H~aromatic~), 132.0 ([*C*]{.ul}H~aromatic~), 131.2 (C~aromatic~), 129.6 ([*C*]{.ul}H~aromatic~), 129.4 ([*C*]{.ul}H~aromatic~), 127.4 ([*C*]{.ul}H~aromatic~), 98.2 (C~ethynyl~), 79.5 (C-1), 76.3 (C-2 or C-3), 75.6 (C-5), 74.1 (C~ethynyl~), 73.6 (C-4), 69.7 (C-2 or C-3), 45.8 ([*C*]{.ul}H~2~NH), 35.6 ([*C*]{.ul}H~2~), 22.6 ([*C*]{.ul}H~2~), 17.1 (C-6). HR-MS calcd C~21~H~26~NO~6~S~2~^+^: 452.1196, found 452.1200.

### *N*-β-[l]{.smallcaps}-Fucopyranosylmethyl 5-\[(1*Z*)-2-Phenylethenyl\]-2-thiophenesulfonamide (**37**) {#sec4.1.2.9}

The acetylene **29** (17 mg; 0.04 mmol) was dissolved in dry MeOH (0.4 mL). Lindlar catalyst (4 mg) and quinoline (6 μL; 0.05 mmol) was added, and the reaction mixture was stirred at rt for 46 h under H~2~ atmosphere (1 bar). The suspension was filtrated over Celite, and the volatiles were removed in vacuo. The residue was purified by HPLC (VP250/10 Nucleodur C-18 Gravity SB, 5 μm from Macherey Nagel, 8 mL/min; eluent A, H~2~O + 0.05% HCOOH; eluent B, MeCN + 0.05% HCOOH, 0--40 min 20%--60% B). After lyophilization, **37** was obtained as a colorless solid (10 mg, 0.02 mmol, 59%). ^1^H NMR (500 MHz, MeOH-*d*~4~) δ 7.42--7.36 (m, 3H, C*[H]{.ul}*~aromatic~, C*[H]{.ul}*~DB~), 7.36--7.29 (m, 3H, C*[H]{.ul}*~aromatic~), 6.98 (dd, *J* = 3.9, 0.6 Hz, 1H, C*[H]{.ul}*~DB~), 6.83--6.72 (m, 2H, C*[H]{.ul}*~aromatic~), 3.62--3.58 (m, 1H, H-4), 3.47 (qd, *J* = 6.5, 1.1 Hz, 1H, H-5), 3.39--3.36 (m, 2H, H-2, H-3), 3.33--3.27 (m, 1H, C*[H]{.ul}*~2~NH), 3.15--3.10 (m, 1H, H-1), 2.99 (dd, *J* = 12.9, 7.3 Hz, 1H), C*[H]{.ul}*~2~NH, 1.18 (d, *J* = 6.5 Hz, 3H, H-6). ^13^C NMR (126 MHz, MeOH-*d*~4~) δ 147.0 (C~aromatic~), 141.5 (C~aromatic~), 137.9 (C~aromatic~), 133.4 ([*C*]{.ul}H~aromatic~), 132.2 ([*C*]{.ul}H~DB~), 130.0 ([*C*]{.ul}H~aromatic~), 129.6 ([*C*]{.ul}H~aromatic~), 129.4 ([*C*]{.ul}H~aromatic~), 129.3 ([*C*]{.ul}H~aromatic~), 123.6 ([*C*]{.ul}H~DB~), 79.5 (C-1), 76.4 (C-2 or C-3), 75.5 (C-5), 73.6 (C-4), 69.7 (C-2 or C-3), 45.7 ([*C*]{.ul}H~2~NH), 17.1 (C-6). HR-MS calcd C~19~H~24~NO~6~S~2~^+^: 426.1040; found: 426.1038.

Competitive Binding Assay {#sec4.2}
-------------------------

According to previously described procedures,^[@ref23],[@ref36]^ 20 μL of a stock solution of LecB~PAO1~ (225 nM) or LecB~PA14~(150 nM) and fluorescent reporter ligand *N*-(fluorescein-5-yl)-*N*′-(α-[l]{.smallcaps}-fucopyranosyl ethylen)thiocarbamide (15 nM) in TBS/Ca (20 mM Tris, 137 mM NaCl, 2.6 mM KCl at pH 7.4 supplemented with 1 mM CaCl~2~) were mixed with 10 μL of serial dilutions (1 mM to 12.8 nM) of testing compounds in TBS/Ca in triplicates in black 384-well microtiter plates (Greiner Bio-One, Germany, catalogue no. 781900). After incubation at rt in a humidity chamber for 22--24 h, fluorescence emission parallel and perpendicular to the excitation plane was measured on a PheraStar FS (BMG Labtech, Germany) plate reader (excitation filters, 485 nm; emission filters, 535 nm). The data were analyzed using BMG Labtech MARS software. After reduction of the measured intensities by buffer values, the fluorescence polarization was calculated and fitted according to the four parameter variable slope model. Bottom and top plateaus were defined by the standard compounds [l]{.smallcaps}-fucose (**39**) and methyl α-[d]{.smallcaps}-mannoside (**1**), respectively, and the data was reanalyzed with these values fixed. A minimum of three independent measurements of triplicates each was performed for every ligand.

Isothermal Titration Calorimetry (ITC) {#sec4.3}
--------------------------------------

ITC was performed on a Microcal ITC200 (General Electric) at 25 °C. A solution of ligands in TBS/Ca (20 mM Tris, 137 mM NaCl, 2.6 mM KCl at pH 7.3 supplemented with 1 mM CaCl~2~) was titrated into a LecB solution in the same buffer. A molar extinction coefficient of 6990 M^--1^ cm^--1^ (obtained from ProtParam^[@ref46]^) was used to calculate the concentration of the monomer of LecB~PAO1~ or LecB~PA14~ from the absorbance determined by UV spectroscopy. Concentrations of ligands and protein are given in Supporting Information, [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.9b01120/suppl_file/jm9b01120_si_001.pdf). The collected data were analyzed according to the one site binding model using the Microcal Origin software. A minimum of three independent titrations was performed for each protein/ligand combination.

Crystallization and Structure Determination {#sec4.4}
-------------------------------------------

LecB~PA14~ (10 mg mL^--1^ in water) was incubated in a 9:1 ratio with a 10 mM solution of **22** in TBS/Ca (20 mM Tris, 137 mM NaCl, 2.6 mM KCl at pH 7.3 supplemented with 1 mM CaCl~2~) 1 h prior to crystallization. Hanging drop vapor diffusion method using 1 μL of protein plus ligand + 1 μL of reservoir solution at 19 °C in a 24-well plate yielded crystals after 1 or 2 days. For the LecB~PA14~--**22** complex, data were collected from a broken rod crystal obtained with 22% PEG 8K, 50 mM (NH~4~)~2~SO~4~, and 0.1 M Tris-HCl pH 8.5. The crystal was transferred in a solution where 20% glycerol was added for cryoprotection prior mounting in a cryoloop and flash-freezing in liquid nitrogen. All diffraction data were collected at 100 K at the European Synchrotron Radiation Facility (Grenoble, France) on beamline ID23-2 using a Pilatus detector. The data were processed using XDS.^[@ref47]^ All further computing was performed using the CCP4 suite.^[@ref48]^ Five percent of the observations were set aside for cross-validation analysis, and hydrogen atoms were added in their riding positions and used for geometry and structure-factor calculations. The structures were solved by molecular replacement using PHASER.^[@ref49]^ For the complex LecB~PA14~--**22**, the coordinates of the 5A6Q tetramer were used as a search model to search for one tetramer in the asymmetric unit. The structures were refined with restrained maximum likelihood refinement using REFMAC 5.8^[@ref50]^ iterated with manual rebuilding in Coot.^[@ref51]^ Ligand libraries were created using Sketcher and JLigand. The ligands were introduced after inspection of the 2*F*~o~ -- D*F*~c~ weighted maps. Water molecules, introduced automatically using Coot, were inspected manually. The stereochemical quality of the models was assessed with the PDB Validation Server, and coordinates were deposited in the Protein Data Bank under accession code 5MAZ. Data quality and refinement statistics are summarized in Supporting Information, [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.9b01120/suppl_file/jm9b01120_si_001.pdf).

Biofilm Assay {#sec4.5}
-------------

*P. aeruginosa* PA14 wt (DSM19882) carrying mCherry expression plasmid pMP7605^[@ref43]^ was constructed previously.^[@ref41]^ Bacterial precultures were inoculated from single colonies in 5 mL of LB and grown at 37 °C and 180 rpm overnight to stationary phase. For the biofilm assay, the bacterial precultures were diluted to an OD~600 nm~ of 0.02 in fresh M63 minimal medium. Then, 200 μL of bacterial culture were transferred to each well of a 24-well imaging plate (catalogue no. 3231, Zell-Kontakt GmbH, Germany). Compounds were resolved in DMSO (100 mM) and diluted to 200 μM in M63 minimal medium. Then, 200 μL of compound solution were transferred per well to the 24-well plate to reach a final concentration of 100 μM. Plates were incubated at 30 °C for 48 h. Biofilms of mCherry-labeled bacteria were analyzed using a confocal laser scanning microscope (Leica TCS Sp8 CLSM). Focal planes were acquired starting from the bottom of the plate (position 0) with an interplane distance (*z*-step size) of 2 μm (using a 25× numerical-aperture water objective). mCherry was excited with a 561 nm laser. Images were batch-processed using ImageJ^[@ref52]^ and Comstat 2.1.^[@ref53]^

To obtain total fluorescence intensities, bacteria were grown in black 96-well plates (F-bottom, Greiner Bio-One no. 655077) in the presence of 100 μM compounds. Fluorescence intensities were recorded with the BMG FluoStar Omega plate reader using a 6 × 6 matrix per well, 10 flashes per point, and excitation at 584 nm and emission at 620 nm.

Microsomal Stability Assay {#sec4.6}
--------------------------

Tested compounds (1 μM in 0.1 M phosphate buffer at pH 7.4) were preincubated with microsomes (0.5 mg/mL, human liver microsomes: UltraPool HLM 150 Mixed Gender, Corning, no. 452117; mouse liver microsomes, male C57BL/6J, Corning, no. 457247) in 96-well plates (polypropylene, 1200 μL, Treff Lab, 96.8996.9.01) for 10 min and cofactor NADPH (the NADPH regenerating system consists of 30 mM glucose-6-phosphate disodium salt hydrate; 10 mM NADP, 30 mM MgCl~2~·6H~2~O, and 5 mg/mL glucose-6-phosphate dehydrogenase (Roche Diagnostics) in 0.1 M potassium phosphate buffer pH 7.4) was added to start the enzymatic reaction. After incubation for 1, 3, 6, 9, 15, 25, 35, and 45 min at 37 °C on a TECAN automated liquid handling system (Tecan Group Ltd., Switzerland), aliquots were removed and quenched with 1:3 (v/v) MeCN containing internal standards (2-(8-aminotetralin-5-yl)-1,1,1,3,3,3-hexafluoro-propan-2-ol, CAS number 625837-83-4, 100 ng/mL in MeCN). Four enzyme markers (midazolam for CYP3A4, buproprion for CYP2B6, dextromethorphan for CYP2D6, diclofenac for CYP2C9) were used for assessing the metabolic activity of the microsomes incubations as quality control. Samples were cooled (4 °C) and centrifuged (3000 rpm) before analysis of the supernatant by LC-MS/MS. Data was analyzed by fitting a linear fit of the Ln peak area ratios (test compound peak area/internal standard peak area) against incubation time. The slope of the fit was used to calculate the intrinsic clearance: Cl~int~ (μL/min/mg protein) = −slope (min^--1^) × 1000/\[protein concentration (mg/mL)\].

Plasma Stability Assay {#sec4.7}
----------------------

All test compounds were dissolved in DMSO and added to mouse plasma (pH 7.4, 37 °C) to yield a final concentration of 25 μM. In addition, procaine, propoxycaine, and procainamide (dissolved in DMSO) were added to mouse plasma (pH 7.4, 37 °C) to yield a final concentration of 250 μM. Procaine and propoxycaine served as positive controls as they are known to be unstable in mouse plasma. Procainamide served as negative control, as it is known to be stable in mouse plasma. The samples were incubated for 0, 15, 30, 60, 90, and 120 min at 37 °C. At each time point, 7.5 μL of the respective sample was extracted with 22.5 μL of methanol containing an internal standard for 5 min at 2000 rpm on a shaking incubator (Eppendorf). Then, samples were centrifuged for 2 min at 13000 rpm, and the supernatants were transferred to HPLC glass vials. For procaine, propoxycaine, and procainamide samples, 100 ng/mL naproxen was used as internal standard for HPLC-MS. For the other compounds, 100 ng/mL glipizide was used as internal standard for HPLC-MS. All samples were analyzed via HPLC-MS using an Agilent 1290 HPLC system equipped with a diode array UV detector and coupled to an AB Sciex QTrap 6500 mass spectrometer. HPLC conditions were as follows: column, Agilent Zorbax Eclipse Plus C18, 50 mm × 2.1 mm, 1.8 μm; temperature 30 °C; injection volume 1 μL; flow rate 700 μL/min; solvent A, H~2~O + 0.1% HCOOH; solvent B, CH~3~CN + 0.1% HCOOH; gradient 99% A at 0 min, 99% to 0% A from 0.1 to 5.50 min, 0% A until 6.00 min, then 99% A postrun for 2 min; UV detection 190--400 nm. Mass spectrometric conditions were as follows: Scan type, Q1MS; scan rate, 1000 Da/s; scan start, 100 Da; scan stop, 1000 Da. Procaine, procainamide, and propoxycaine samples were detected in positive scan mode. The other compounds were detected in negative scan mode. Peak areas of each compound and of the internal standard were analyzed using MultiQuant 3.0 software (AB Sciex). Peaks were quantified using indicated *m*/*z* search windows (Supporting Information, [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.9b01120/suppl_file/jm9b01120_si_001.pdf)). Peak areas of the respective compound were normalized to the internal standard peak area and to the respective peak areas at time point 0 min, (C/D)/(A/B); with A, peak area of the respective compound at time point 0 min; B, peak area of the respective internal standard at time point 0 min; C, peak area of the respective compound at the respective time point; D, peak area of the respective internal standard at the respective time point. Every experiment was at least repeated three times independently.

Plasma Protein Binding {#sec4.8}
----------------------

Plasma protein binding was assessed using the rapid equilibrium device (RED) system from ThermoFisher. Compounds were dissolved in DMSO. Naproxen served as control as it shows high plasma protein binding. Compounds were diluted in murine plasma (from CD-1 mice, pooled) to a final concentration of 100 μM. Dialysis buffer and plasma samples were added to the respective chambers according the manufacturer's protocol. The RED plate was sealed with a tape and incubated at 37 °C for 2 h on an Eppendorf MixMate vortex Mixer at 800 rpm. Then, samples were withdrawn from the respective chambers. To 25 μL of each dialysis sample, 25 μL of plasma, and to 25 μL of plasma sample, 25 μL of dialysis buffer was added. Then 150 μL of ice-cold extraction solvent (CH~3~CN/H~2~O (90:10) containing 12.5 ng/mL caffeine as internal standard) was added. Samples were incubated for 30 min on ice. Then, samples were centrifuged at 4 °C at 1000 rpm for 10 min. Supernatants were transferred to Greiner V-bottom 96-well plates and sealed with a tape. Samples were analyzed using an Agilent 1290 Infinity II HPLC system coupled to an AB Sciex QTrap 6500plus mass spectrometer. LC conditions were as follows: column, Agilent Zorbax Eclipse Plus C18, 50 mm × 2.1 mm, 1.8 μm; temperature, 30 °C; injection volume, 5 μL; flow rate, 700 μL/min; solvent A, H~2~O + 0.1% HCOOH; solvent B, 95% CH~3~CN/5% H~2~O + 0.1% HCOOH; gradient, 99% A at 0 min, 99% A until 0.10 min, 99% to 0% A from 0.1 to 3.50 min, 0% A until 3.70 min, 0% to 99% A from 3.70 to 3.80 min, 99% A until 4.00 min.

Mass transitions for naproxen and compounds are depicted in Supporting Information, [Table S4](#notes1){ref-type="notes"}. The percentage of bound compound was calculated as follows:

MTT Assay (Hepatocytes Toxicity) {#sec4.9}
--------------------------------

The epithelial cell line Hep G2 (ATCC HB-8065TM) was cultivated in Dulbecco's Modified Eagle's Medium (DMEM) with 10% heat-inactivated fetal calf serum (FCS) at 37 °C and 5% CO~2~. Hep G2 cells were seeded into a 96-well plate (Nunc, Roskilde, Denmark) and grown to 75% confluency. Every compound was dissolved in DMSO and diluted in PBS (final DMSO concentration in the cell assay: 0.1%). Hep G2 cells were incubated with the respective compound in concentrations ranging from 0.01 to 100 μM for 24 h at 37 °C and 5% CO~2~. Hep G2 cells treated with vehicle only (DMSO diluted in PBS, final DMSO concentration in the cell assay: 0.1%) served as a negative control. Furthermore, pure medium (DMEM + 10% FCS) and completely damaged cells served as positive controls. To damage cells, Hep G2 cells were treated with 0.5% Triton X-100 1 h prior to addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich). After 24 h, Hep G2 cells were washed twice with DMEM + 10% FCS. MTT diluted in PBS (stock solution 5 mg/mL) was added to the wells at a final concentration of 1 mg/mL. The cells were incubated for 3 h at 37 °C and 5% CO~2~. Medium was removed, and 0.04 M HCl in 2-propanol was added. The cells were incubated at room temperature for 15 min. Then the supernatant was transferred to a 96-well plate. The absorbance of the samples was measured at 560 nm and at 670 nm as a reference wavelength on a Tecan Sunrise ELISA reader using Magellan software. Data was normalized using the following formula: (*A*--*B*)/(*C*--*B*) with "*A*" as the respective data point, "*B*" as the value of the Triton X-100-treated control, and "*C*" as the vehicle control. The experiment was repeated at least three times. The error bars indicate the standard deviation.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jmedchem.9b01120](http://pubs.acs.org/doi/abs/10.1021/acs.jmedchem.9b01120).^1^H, ^13^C, and ^19^F NMR spectra of new compounds; ITC measurements with **22**; data collection and refinement statistics for LecB~PA14~ structure in complex with **22**; *m*/*z* search window for plasma stability assay; mass transitions of compounds; rationale for the extension of the thiophene moiety in **7** to target an additional patch or a subpocket on the surface of LecB; purity of key compounds **17**, **22**, **23**, **27**, and **29** by HPLC-UV ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.9b01120/suppl_file/jm9b01120_si_001.pdf))Molecular formula strings for all new compounds (**8**--**37**) ([CSV](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.9b01120/suppl_file/jm9b01120_si_002.csv))
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